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ABSTRACT
Glass as aggregates in cement mortars not only improves the sustainability of the
material, but also promotes waste management. In addition, the inclusion of supplementary
cementitious materials (SCMs) further enhances material properties and sustainability. The
mechanical performance of glass aggregate mortars was evaluated by means of
compressive strength, whereas durability was assessed through alkali silica reaction, water
immersion absorption and sorptivity, chloride ion permeations, and plastic and drying
shrinkage. Investigations into the thermal properties of glass aggregate mortars were also
completed. Glass aggregates were found to reduce compressive strength; however, binary
and ternary blends of SCMs can offset the reduction in strength associated with the glass
addition. Furthermore, glass aggregates are effective in improving chloride ion
permeability, absorption, sorptivity, and shrinkage due to their inherently low absorption
capacity. SCMs further improve the durability properties by enhancing the microstructural
properties of the cementitious matrix. Moreover, SCMs are required to reduce detrimental
ASR expansions to acceptable levels. Glass aggregate mortars also show promising
thermal insulation performance.
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CHAPTER 1
GENERAL INTRODUCTION
1.1. Introduction
In recent years, there have been global initiatives towards the development of
sustainable and environmentally-friendly building materials. This particularly applies to
cementitious materials. First and foremost, the production of cement, which is the main
binder used in concrete and mortar, produces significantly high carbon dioxide (CO2)
emissions. In fact, cement production is the third-largest source of anthropogenic CO2
emissions after fossil fuels and land-use change [1]. Furthermore, the mining and
transportation of natural aggregates also adds to the list of environmental impacts
associated with the production of concrete and cement mortars. In order to enhance the
sustainability of concrete and cement mortars, alternative binders and/or aggregates should
be explored.
CO2 emissions caused by cement production can be reduced by using
supplementary cementitious materials (SCMs) as partial cement replacement. SCMs can
either be obtained naturally or from waste by-products of various processes. Most SCMs
do not possess any cementitious properties; however, some of these materials can react
with Portland cement to form cementitious compounds [2]. Some of the commonly used
SCMs are fly ash, slag, silica fume, and metakaolin.
Substituting natural aggregates with recycled aggregates can improve the
sustainability of cementitious materials. In addition, the use of recycled aggregates also
aids in waste management. Demolished concrete structures as well as recycled and
1

landfilled glass are examples of recycled aggregate sources. In this thesis, natural aggregate
replacement with glass was established as the primary focus. However, SCMs were also
incorporated to enhance mortar properties and to further improve sustainability.

1.2. Literature Review
1.2.1. Glass Aggregates
Glass is often considered a resource efficient material due to the abundance of the
natural material it originates from. Glass is fully recyclable, which is one of its great
benefits; however, millions of tonnes of glass, primarily in the form of bottles and jars, end
up in landfills each year. It has been reported that in the United States alone, approximately
6.4 million tonnes of glass were landfilled in 2015 [3]. In Canada, complete data on the
disposal of glass, specifically, is not available; however, Statistics Canada reports that of
the 9.3 million tonnes of waste diverted in 2016, 4% is glass material [4]. On the other
hand, the Essex-Windsor Solid Waste Authority reported that 3700 tonnes of glass, which
comprises 70% of the glass disposed in the region, ended up in landfills in 2010 [5].
Although programs to improve glass recycling have been implemented globally,
economic constraints, such as transportation costs, have hindered the progress of glass
recycling and have resulted in the disposal of glass materials into landfills. Glass breaking
during transit to recycling plants and concerns regarding contamination in the glass are
other reasons for its disposal into landfills. The resulting low waste diversion rate of refuse
glass therefore signifies the need for better waste management. Consequently, this concern
has prompted much research into the repurposing of waste glass as a component of
cementitious materials. The use of local glass as aggregates in concrete and cement mortar
2

can reduce production costs associated with the quarrying and transporting of natural
aggregates. Moreover, the physical properties of glass itself can improve concrete
properties. A comparison of the physical properties of sand and waste glass is presented in
Table 1.1.
Table 1.1. Properties of sand and waste glass [6]
Properties
Specific gravity
Density (kg/m3)
Absorption (%)
Pozzolanic index (%)

Sand
2.57
1688
2.71
-

Waste glass
2.19
1672
0.39
80

The use of glass as aggregates in concrete and mortar have been studied for the last
50 years. Nonetheless, earlier researches were focused on bituminous concrete for roads.
Such studies were done by Foster [7], and Malisch et al. [8] in the 1970s. Studies on cement
concrete and mortar containing glass aggregates were present in the 1970s and 1980s, but
this research area did not expand until the 1990s and early 2000s. Most of the earlier studies
in glass aggregate concrete and mortar focused on mechanical strength and expansion due
to alkali silica reaction (ASR). These properties are still investigated in current studies;
however, much attention has been given to the latter.
Many studies on the mechanical properties of glass aggregate concrete and mortar
have been documented. Park et al. [9], Jin et al. [10], and Polley et al. [11] are some of the
researchers who have completed comprehensive investigations on the fundamental
mechanical properties of glass aggregate concrete and mortar. In general, compressive
strength, tensile strength, and flexural strength is reduced when glass aggregates are used.
The reduction in strength is linked to the weak bonding between the glass aggregates and
3

the cement matrix [10–12]. The high brittleness and low resistance to fracturing of glass
aggregates have been reported as sources of strength reduction [13,14]. Microcracks within
the glass aggregates have also been found to reduce strength [15,16]. The formation of
these microcracks are often linked to the preparation of the aggregates (i.e. manual
grinding).
The durability of glass aggregate concrete and mortar is often threatened by alkali
silica reaction (ASR), which is a phenomenon that typically occurs when siliceous
aggregates, such as glass, are used in cementitious materials (Figure 1.1). Alkalis (i.e.
potassium (K+) and sodium (Na+)) in the pore solution form weak bonds with available
hydroxide ions (OH-). The dissolution of the alkali hydroxides produces free ions, which
increase the pH of the cementitious material and causes a reaction with the silicon dioxide
(SiO2) in the glass aggregates. A hygroscopic silicate gel, composing of Na, K, Si, and Ca,
is formed from the reaction. In the presence of moisture, the gels expand, and such
expansion can cause cracking or the propagation of existing cracks in the material.

Figure 1.1. ASR mechanism [17]
Contrasting reports can be found in literature regarding ASR expansion of glass
aggregate concrete and mortar. Some studies claim that glass aggregates cause deleterious
ASR expansions, whereas others report acceptable levels of expansion [12,18,19,16]. In
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summarizing the various results on ASR, it is concluded that the level of expansion is
dependent on the size of the glass particles used. Specifically, glass aggregates of finer
particle size results in lower expansions. In fact, some researchers have found that fine
glass aggregates exhibit pozzolanic properties [20,21]. Studies also suggest that finer
particles of glass aggregates minimize induced swelling pressures, reduces the stress
intensity factor that causes expansion, and increases the volume of the interfacial transition
zone (ITZ), providing porous space for expansion to freely occur without detrimental
effects [22–24]. Nonetheless, more recent studies propose that ASR occurs only within
intraparticle cracks in the glass [16,25].
Other durability properties such as water immersion absorption and sorptivity,
chloride ion permeations, carbon resistance, and sulphate attack have all been investigated
in literature. General findings agree that glass aggregates are effective in improving these
properties [13,15,26]. Moreover, drying shrinkage of glass aggregate mortars, which is a
qualitative assessment of durability, have also been studied and results show that glass
aggregates reduce shrinkage strains [13].
Although research on glass aggregate concrete and mortar has spanned many
decades, there are still some gaps in the literature. In particular, further research is needed
to assess the durability of mature concrete and mortar. There is also no known literature on
the plastic shrinkage of concrete and mortar consisting of glass aggregates. This property
should be examined as the formation of early-age cracks can adversely affect durability
and serviceability. Further, the thermal properties of glass aggregate concrete and mortar
have rarely been investigated. Glass itself has excellent thermal properties, so there is great
potential for the improvement of insulation properties of concrete and mortar.
5

1.2.2. Supplementary Cementitious Materials
In 2016, it was estimated that the global production of cement generated 2.2 Gt of
CO2 and it is expected that the level of cement production will resume growth in the coming
years [27]. Hence, there is a need for viable alternatives to cement. One such alternative is
supplementary cementitious materials (SCMs). Most concrete structures today consist of
SCMs as partial cement replacement due to its advantageous properties and environmental
benefit. SCMs envelope many types of materials that vary in origin, chemical and
mineralogical composition, and particle characteristics [28]. Some common synthetic
SCMs include fly ash, slag, and silica fume. These SCMs are derived from waste byproducts of coal, steel, and silicon metal and ferrosilicon alloy plants, respectively. SCMs
can also be obtained naturally. Examples of natural SCMs include, volcanic ash, calcined
shale or clay, and metakaolin. Figure 1.2. outlines a general classification scheme of SCMs,
while Figure 1.3. presents the chemical composition of common SCMs.
In general, SCMs improve the consistency and workability of concrete and mortar
by increasing the volume of fines in the mixture. However, greater volumes of fine particles
reduce bleeding rates, which can cause plastic shrinkage cracks [2]. SCMs enhance the
microstructure of the cementitious matrix through pore-size refinement, matrix
densification, and interfacial transition zone refinement [29–31]. These enhancements in
the microstructure typically improves strength and permeability properties. Nonetheless,
studies have also shown that the reactivity of SCMs can affect concrete properties. For
example, the slow reaction rate of fly ash results in lower early-age compressive strength,
whereas the high hydration activity of slag results in higher early-age compressive strength
[32,33]. In addition, the chemical composition of SCMs greatly influences the performance
6

and behaviour of concrete and mortar. Specifically, SCMs with higher compositions of
SiO2 are very effective in mitigating expansions associated with ASR [34].

Figure 1.2. Classification of SCMs [28]
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Figure 1.3. Chemical composition of common SCMs [28]

1.3. Objectives
The purpose of this thesis is to study the applicability of glass aggregates as a
sustainable and environmentally-friendly alternative to natural aggregates in cement
mortars. The influence of binary and ternary cementitious blends was also examined. The
suitability of glass aggregate mortars was evaluated in terms of mechanical, durability, and
thermal performance. This thesis also aimed to fill gaps in literature, specifically regarding
plastic shrinkage.

8

1.4. Experimental Methodology
The objectives of this thesis were achieved through experimental investigations.
Three types of glass aggregates – crushed glass, glass beads, and expanded glass – were
used in the production of the mortar mixtures. Supplementary cementitious materials
(SCMs) were also incorporated in binary and ternary systems as partial cement
replacement. The SCMs used include fly ash, slag, silica fume, and metakaolin. The
mechanical properties of glass aggregate mortars were evaluated by means of compressive
strength testing, whereas durability was assessed through alkali silica reaction (ASR),
chloride permeability, water immersion absorption, sorptivity, plastic shrinkage, and
drying shrinkage. Thermal conductivity was also examined. Specific experimental
procedures, namely the mixture design and test methodologies, are presented in detail
within Chapters 2, 3, and 4.

1.5. Organization of the Thesis
This thesis is written in manuscript format and is divided into five chapters as
follows:
1. Chapter 1, which is entitled “General Introduction,” presents an overview of the thesis
topic and the literature review. The objectives of the study and the test methodologies
undertaken are also discussed in this chapter.
2. Chapter 2 is entitled “Effect of Various Glass Aggregates on the Shrinkage and
Expansion of Cement Mortar.” This chapter studies the influence of crushed glass,
glass beads, and expanded glass on volumetric changes of cement mortars. Specifically,

9

plastic and drying shrinkage, and alkali silica reaction (ASR) expansion were
examined.
3. Chapter 3 is entitled “Strength, Durability, and Thermal Properties of Glass Aggregate
Mortars.” The study presented in this chapter shows the applicability of mixed glass
aggregates for building and construction materials through the testing of compressive
strength, plastic shrinkage, water immersion absorption, and rapid chloride
permeability.
4. Chapter 4 is entitled “Durability of Glass Aggregate Mortars Containing
Supplementary Cementitious Materials.” This chapter focuses on the effects of using
supplementary cementitious materials as partial replacement of cement in glass
aggregate mortars. Compressive strength, ASR, chloride permeability, and sorptivity
was investigated.
5. Chapter 5, which is entitled “Conclusions and Recommendations,” draws conclusions
from the studies undertaken and provides recommendations for future work.
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CHAPTER 2
EFFECT OF VARIOUS GLASS AGGREGATES ON THE
SHRINKAGE AND EXPANSION OF CEMENT MORTAR
2.1. Introduction
Glass is a versatile material and it is utilized in many building applications
including claddings in facades, curtain and partition walls, and most notably building
fenestrations. Though glass as a construction material is fairly dated, the development of
durable concrete composed of recycled glass particles is currently being explored with the
endeavours of alleviating the growing waste problem encountered by many landfills today.
Over the years, glass as a substitute to fine aggregates, coarse aggregates, or even cement
in concrete has been much researched as efforts in waste management have expanded [1–
5]. Consumer products such as beverage containers, television screens, and computer
monitors are a few of the sources for glass aggregates that have previously been used in
the investigation of such concrete composites.
Preparation of post-consumer glass for use as aggregate or cementitious material in
concrete is as simple as crushing it to the desired size. This method of preparation is
commonly employed by many researchers who obtain glass materials directly from local
recycling plants. Post-consumer glass can also be further processed to create new products
such as expanded glass, a material that can be used in lightweight concrete. Typically, these
products are commercially available for purchase.
The use of recycled glass in concrete is not only a sustainable solution, but has also
been proven to be feasible [6,7]. Nonetheless, there are properties of glass aggregate
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concrete, such as alkali silica reaction (ASR) expansion, that require further investigation
as some discrepancies in results have been reported. The main reasons for the
inconsistencies in the findings can be attributed to the presence of impurities in the recycled
glass, the colour of the glass, and the preparation of the glass aggregates used in these
studies. Assorted coloured glass varies in chemical composition as different metal oxides
are added during the glass production stage. The colour of glass has been reported to have
an observable effect on the durability of concrete. On the other hand, preparation of glass
aggregates by manual crushing has led to micro-cracks for certain types and/or colours of
glass, thus affecting durability and mechanical properties as well [8,9].
Early research in glass aggregate concrete was mainly focused on mechanical
properties such as compressive strength, modulus of elasticity, and splitting tensile
strength. In general, regardless of the type, incorporating glass particles in concrete results
in a reduction in mechanical strength as replacement amount increases. The primary cause
of the reduction in mechanical properties was determined to be weak bonding at the
interfacial region between the glass particles and the cement matrix [10–12]. However,
Taha and Nounu [3] found insignificant differences in strength between control specimen
containing 0% waste glass and specimens containing 50% and 100% waste glass.
Nevertheless, a study conducted by Mardani-Aghabaglou et al. [11] suggests that the
mechanical properties are acceptable up to 60% replacement of fine glass aggregates with
particle sizes ranging from 0 to 4 mm.
In recent years, studies on the durability of glass aggregate concrete have expanded
[6,11]. Several studies on durability have indicated some concerns of potentially
deleterious expansion triggered by ASR between the alkaline cement and the silica-rich
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glass particles; however, there has been contrasting reports. Specifically, Topҫu and
Canbaz [7] found that specimens containing coarse waste glass aggregates ranging from 4
to 16 mm in size results in lower expansions compared to control specimens containing
0% waste glass. Specimens containing 100% waste glass were observed to have the lowest
expansion. On the other hand, Ling and Poon [5] reported that glass particles less than 5
mm in size result in greater expansion compared to specimens containing no glass
aggregates. The study also showed higher ASR expansion with increasing glass content.
Furthermore, Tan and Du [8,13] studied the effects of different coloured glass aggregates
from recycled soda-lime bottles prepared by manual crushing. In the study, it was observed
that increasing the amount of brown, green, and mixed coloured glass reduces expansion.
This trend was found to be opposite for specimens containing clear glass. The study then
concluded that the primary cause of the conflicting results was not the colour of the glass,
rather the manufacturing process of the glass bottles used, which influences the degree of
micro-cracking sustained after crushing. This inference corroborates the findings of
Rajabipour et al. [9] and Shayan and Xu [1] as intraparticle cracks in the glass particles
were identified as a major instigator of unwarranted ASR expansions.
The addition of fibres, lithium compounds, and pozzolans such as fly ash and silica
fumes, have been employed to control excessive ASR expansions [3,14]. Binary and
ternary mixtures of supplementary cementitious materials containing finely ground glass
has also been found to mitigate expansion due to ASR [15]. According to Schwarz et al.
[16] fine glass powder is effective in reducing detrimental ASR expansion though fly ash
is much more effective. Furthermore, glass particles finer than 50 μm have been reported
to exhibit pozzolanic properties, which can reduce ASR expansion [17,18]. Hence,
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expansion is reduced as glass aggregate particle size becomes finer. Nonetheless, many
studies have reported particle size ranges in which detrimental expansion does not occur.
In particular, Jin et al. [19] found that ASR can be avoided by grinding glass to pass sieve
No. 50 (300 μm). However, Idir et al. [20] found that glass aggregates smaller than 1000
μm does not cause any detrimental expansion due to ASR, thereby concluding that it is not
necessary to use glass in the form of fines. Moreover, studies using expanded glass
aggregates have established negligible ASR expansion because of the porosity of the
particles [21,22].
Apart from deleterious expansions, cement-based materials are subject to
volumetric contraction or shrinkage. Shrinkage in hardened concrete is referred to as drying
shrinkage. Studies have shown that glass aggregates are effective in reducing long-term
drying shrinkage of concrete due to its low absorption capacity [8]. Further, Wright et al.
[10] suggests that the higher elastic modulus of glass aggregate concrete compared to
normal concrete may be a reason for the reduction in drying shrinkage. Specifically, for
45% replacement of sand with glass aggregate, Kou and Poon [23] found an 18% decrease
in drying shrinkage when compared to 0% glass aggregate. On the other hand, for porous
aggregates like expanded glass, pre-wetting of the aggregates, prior to incorporating into
the concrete mix, is typically done to compensate for the high water absorption of
lightweight glass particles. Thus, the resulting effect of such preparation is an improved
resistance to drying shrinkage [24,25]. Nonetheless, studies on the shrinkage behaviour of
glass aggregate concrete is incomplete as early-age plastic shrinkage has not been reported.
Plastic shrinkage is the volumetric contraction of freshly placed concrete. Cracking due to
plastic shrinkage predominantly transpires because of rapid evaporation of free surface
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water, though factors such as the fines content, water-cement ratio, and admixtures are
known to influence such detrimental behaviour, which is a concern in the concrete industry
[26].
The gap in literature concerning the effects of glass aggregates on early-age plastic
shrinkage has prompted the current study as no known reports on plastic shrinkage of
cement-based materials containing glass aggregates have been investigated. In addition,
since the type and preparation of glass aggregates can influence ASR expansion, as evident
in the contradicting reports on ASR, deleterious expansion was studied for the glass
aggregates used. Furthermore, with many studies focussing on only one type of glass
aggregate in concrete and cement mortar specimens, this study was aimed at broadening
the field of study by evaluating the effectiveness of combining various types of glass
aggregates, which has rarely been done. Thus, to provide a comprehensive study on the
durability of glass aggregates, in terms of volumetric changes, the dimensional stability
with respect to restrained plastic shrinkage, drying shrinkage, and ASR expansion were
investigated to quantify the cracking resistance of glass aggregate mortar at an early-age
and in the long-term. Flowability and compressive strength of glass aggregate mortar were
also examined.

2.2. Experimental Procedure
This research was undertaken using an experimental method. Cement mortar
containing different types of glass aggregates, namely, crushed glass, glass beads, and
expanded glass, were used as a replacement of sand. Flowability, compressive strength,
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restrained plastic shrinkage, drying shrinkage, and ASR expansion of glass aggregate
mortars were investigated.
2.2.1. Materials
All mortar specimen were prepared using Type 10 general use Portland cement
conforming to CSA A3001 [27] and natural sand aggregates with a fineness modulus of
2.63. Commercially purchased crushed glass, glass beads, and expanded glass with sizes
ranging from 600 to 850 μm, 250 to 425 μm, and 40 to 125 μm, respectively were also used
as fine aggregates (Figure 2.1). The densities of the crushed glass, glass beads, and
expanded glass are 2499 kg/m3, 1249 kg/m3, and 530 kg/m3, respectively. As shown in
Figure 2.1, the three types of glass aggregates differ in shape. These images were taken
using scanning electron microscopy (SEM) at a magnification of 50x to 500x. The crushed
glass [Figure 2.1(a)] consists of particles with irregular geometry, whereas the glass beads
[Figure 2.1(b)] have consistent spherical shapes. On the other hand, the expanded glass
[Figure 2.1(c)] has more variable features; the shapes of some particles are
characteristically spherical, while other particles exhibit irregular geometry. Additionally,
expanded glass particles contain multiple voids in its glass structure, which is expected
from the manufacturing process. The chemical compositions of the materials are presented
in Table 2.1.
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(a)

(b)

(c)
Figure 2.1. Glass particles used in mortar: (a) crushed glass at 50x magnification
(b) glass beads at 150x magnification (c) expanded glass at 500x magnification
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Table 2.1. Chemical composition of materials (%)
Analyte Symbol Cement

Sand

Crushed glass Glass bead Expanded glass

CaO
SiO2
Al2O3
Fe2O3(T)
MnO
MgO
Na2O
K2O
SO3
TiO2
P2O5
Co3O4
CuO
NiO
Cr2O3
V2O5
LOI

19.17
46.65
6.6
3.07
0.063
2.68
1.13
1.24
0.27
0.07
< 0.005
0.006
< 0.003
< 0.01
0.007
16.43

10.46
70.88
2.25
1.29
0.024
1.3
12.85
0.64
0.09
0.02
< 0.005
0.023
< 0.003
0.08
< 0.003
-

62.3
18.2
4.5
2.76
3.1
0.22
0.45
3.47
0.21
4.8

9.17
71.55
0.72
0.66
0.01
3.72
13.82
0.13
0.03
0.01
< 0.005
< 0.005
< 0.003
0.01
< 0.003
-

8.74
68.59
6.28
0.47
0.015
1.42
12.94
0.43
0.23
0.03
< 0.005
0.016
0.003
0.05
0.004
-

2.2.2. Mixture Proportioning and Casting
The test matrix is shown in Table 2.2. The specimen names were chosen to indicate
the main attributes of the test specimens. The first letter of the name corresponds to the
type of glass aggregate substituted. Hence, CG refers to crushed glass, GB refers to glass
bead, MG refers to mixed glass (mixture of crushed glass and glass bead), and EG refers
to expanded glass. The following number indicates the percentage of sand replacement.
For example, the specimen designation MG-30 indicates replacement of sand with mixed
glass at 30%. Mortar mixtures were cast with a water/cement ratio of 0.5 and cement to
fine aggregates ratio of 1:2 by mass. The composition of fine aggregates varied by type
and amount of glass replacement. The first set of specimens, denoted as MG for mixed
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glass, consists of crushed glass and glass beads at a ratio of 2:1, to keep the proportion of
fine aggregates well-graded. MG specimens were studied at 30% and 50% replacement of
natural sand. Specimens containing only crushed glass (CG), and only glass beads (GB),
were also studied at 30% and 50% replacement to study how each glass type contributes to
the behaviour of MG specimens. Expanded glass (EG) specimens were only examined at
5% and 10% replacement as increasing the amount of EG beyond 10% produced mixtures
that were not workable. Superplasticizer was only added to EG specimens at a dosage of
2.5 mL/kg of cement to improve workability. In subsequent discussions, MG, CG, and GB
specimens will be considered as Group 1 specimens, whereas EG specimens will be
considered as Group 2 specimens.
Table 2.2. Mass proportions of mortar mixtures
Specimen
Cement Water
Designation
Control
MG-30
MG-50
CG-30
CG-50
GB-30
GB-50
EG-05
EG-10

1
1
1
1
1
1
1
1
1

0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5

Fine aggregates
Crushed
Sand
glass
2
1.4
0.4
1
0.67
1.4
0.6
1
1
1.4
1
1.9
1.8
-

Glass bead
0.2
0.33
0.6
1
-

Expanded
glass
0.1
0.2

Mortar mixtures were prepared using a set sequence and procedure to ensure the
consistency of the produced specimens. Cement, sand, and glass aggregates were combined
and mixed until the materials were well distributed. Water was slowly added to the dry
materials and was mixed using a laboratory pan mixer for three minutes. For expanded
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glass mixtures, superplasticizer was added to the water prior to combining with the dry
materials. Mortar flow was then measured according to ASTM C1437 [28].
2.2.3. Test Methodology
2.2.3.1. Restrained Plastic Shrinkage
The setup and procedure for restrained plastic shrinkage were conducted in
accordance with ASTM C1579 [29] using a modified method of the tests established by
Banthia and Gupta [30], and Branston et al. [31]. The restrained plastic shrinkage test was
performed in an environmental chamber (Figure 2.2) operating at a temperature of 40°C (±
2°C) and a relative humidity of 15% (± 3%) to accelerate the development of shrinkage
cracks. A heater fan connected to a temperature and humidity controller was used to
produce uniform airflow over the test specimens and to maintain the set environmental
conditions. Furthermore, a plexiglass cover was also used to sustain the heat and uniform
airflow, and to allow for observation of cracks during testing. The operating conditions
resulted in an evaporation rate of 1 kg/m2/h.
As illustrated in Figure 2.3, concrete elements, 40 x 80 x 500 mm in dimension,
with hemispherical protrusions were used to provide internal restraint to 30 mm of mortar
overlay. Figure 2.3(a) shows the plan view and cross-section view of a typical concrete
restraint element, while Figure 2.3(b) shows the cross-section of the restraint element with
mortar overlay. Forms were carefully removed after 1.5 hours in the environmental
chamber to increase overlay exposure to airflow. Testing resumed for an additional 2.5
hours, for a total test period of 4 hours. The average width of each crack was measured
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using a 240x magnification digital microscope, and the total crack area was recorded. The
mean value of two specimens which were tested simultaneously is reported in this paper.

Figure 2.2. Schematic of the environmental test chamber

2.2.3.2. Drying Shrinkage
Drying shrinkage test of 25 x 25 x 250 mm mortar bars was performed in
accordance with ASTM C596 [32]. Specimens were cured in moulds for 24 hours prior to
curing in ambient temperature water for 48 hours. After 72 hours, the specimens were
wiped dry and an initial reading was obtained using a length comparator. Mortar bars were
placed in air storage, at a controlled temperature of 22°C (± 1°C) and relative humidity of
40% (± 2%), and length readings were taken after 4, 11, 18, 25, and 32 days. The weight
of the mortar bars was recorded concurrently, with the 4-day air storage reading taken as
the reference for weight loss calculations. In this paper, the mean values reported for each
mixture designation are based on four identical test specimens.
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PLAN VIEW

SECTION A-A

(a)

CROSS-SECTION

(b)
Figure 2.3. Plastic shrinkage specimen: (a) concrete restraint element (b)
element with overlay

2.2.3.3. Alkali Silica Reaction (ASR)
As per ASTM C1260 [33], expansion of mortar specimens due to deleterious
aggregates can be evaluated by means of the alkali silica reaction (ASR). Test specimens
were cured in moulds for 24 hours prior to curing in water at 80°C (± 2°C) for an additional
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24 hours. Initial length readings were then measured within 30 seconds of removing the
specimens from the water. Mortar bars were cured in 1 mol NaOH solution at 80°C (± 2°C)
for a minimum of 14 days to accelerate the ASR process. After 14 days in NaOH (16 days
after casting), specimens with expansions less than 0.10% were considered innocuous,
while expansions greater than 0.20% were considered potentially deleterious. Expansion
between the innocuous and deleterious zone indicated the presence of aggregates with both
innocuous and deleterious properties. Thus, the testing was extended to 28 days (30 days
after casting) for specimens falling in this intermediate zone. MG specimens, after 14 days
of exposure to NaOH, were also examined by means of scanning electron microscopy
(SEM) and energy dispersive x-ray spectroscopy (EDS) to further examine the
development of ASR. It is important to note that the alkali content of the cement has little
significance in any expansion that occurs as the alkalinity of the NaOH solution dominates.

2.3. Results and Discussion
2.3.1. Flow
The flowability of MG, CG, and GB mixtures is reduced as replacement amount
increases. However, results of the test indicate that the flowability of glass aggregate
specimens at 30% replacement was either similar or slightly better than the control
specimen. These findings are attributed to the low absorption capacity of crushed glass and
glass beads, which retain free water in the mortar mixture. GB mixtures were observed to
be more workable than CG mixtures due to the geometry of the GB aggregates. The
angularity of crushed glass results in greater shear stress, impeding the flow of the
mixtures. In general, adding expanded glass in cement mortar mixtures result in
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undesirably low flowability because of the fineness and porosity of the glass particles,
which tend to absorb free water. Nonetheless, the flow for EG-05 and EG-10 reported in
Table 2.3 were noticeably high since superplasticizer was used for these mixtures. No other
mixes used superplasticizer. Table 2.3 shows the resulting flow for all mixtures.
Table 2.3. Mortar flowability
Specimen
Designation
Control
MG-30
MG-50
CG-30
CG-50
GB-30
GB-50
EG-05
EG-10

Initial
(mm)

Final
(mm)

Flow
(%)

100
100
100
100
100

225
240
220
220
210

125
140
120
124
110

100
100

235
210

135
120

100
100

255
230

155
130

2.3.2. Compressive Strength
Figure 2.4 shows the average 28-day compressive strength of glass aggregate
mortar, prepared and tested as per ASTM C109 [34]. In comparison to the control mixture,
an increase in crushed glass and glass bead content resulted in a decrease in compressive
strength by as much as 20% and 32% at a replacement of rate of 30% and 50%,
respectively. The weak bond between the glass aggregates and the cement matrix is
attributed to the unfavourable effect on the strength. Though angular aggregates like CG
provide better bonding than spherical aggregates like GB, it was observed that GB
specimens exhibited higher compressive strength compared to the CG specimens. The
higher compressive strength of GB specimens is primarily due to the finer size and
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spherical shape of the glass aggregates. Smaller glass particle sizes result in higher
compressive strength as reported by Shao et al. [35]. Further, the spherical shape of GB
reduces void content, thereby improving strength. The strength of MG specimens, at a
replacement rate of 30%, appropriately falls between the GB and CG results. However, it
should be noted that at 50% replacement, the MG and GB specimens have comparable
strength.
The compressive strength of EG specimens, though still lower than the control
specimen, is relatively higher than the MG, CG, and GB specimens, even though the
amounts of replacement of sand by expanded glass aggregates were only 5% and 10%.
Similar to GB specimens, the strength of EG specimens is attributed to the fineness of the
glass particles and its inherent pozzolanic characteristics [36]. Hence, increasing the
proportion of EG aggregates resulted in an increase in strength. The 28-day compressive
strength of EG-10 specimen was 55 MPa, which is only 3% less than the compressive
strength of the control specimen.
2.3.3. Plastic Shrinkage
Cracking due to plastic shrinkage of cement mortar and concrete primarily
transpires when the evaporation rate exceeds the bleeding rate. Rapid evaporation of
moisture at early stages of placement causes contraction stresses in the capillary pores of
concrete and cement mortar. Cracks then develop due to the low tensile strength of plastic
concrete and its inability to resist the capillary pressure [26]. Figure 2.5 presents the results
obtained from the restrained plastic shrinkage tests. Figure 2.5(a) indicates that
incorporating CG and GB aggregates in mortar is effective in reducing the total crack area
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induced by plastic shrinkage. The positive influence of CG and GB is attributed to the low
water absorption capacity of these glass aggregates compared to natural sand aggregate,
which implies increased bleeding of the mortar in CG and GB mixes. Hence, higher
amounts of CG and GB as a replacement of sand resulted in greater resistance to plastic
shrinkage cracks and an overall reduction in total crack area. At equivalent replacement
amounts, CG performed better than GB. Specifically, the total crack areas of CG specimens
were significantly lower than GB specimens by 76% and 85% at 30% and 50%
replacements, respectively. In addition, the total crack area of MG specimens fell between
CG and GB specimens. The better plastic shrinkage performance of CG specimen as
compared to GB specimen is likely due to the angular geometry and larger size of the CG
aggregates, which provide better resistance to tensile stresses induced by the increase in
capillary pressure during rapid evaporation.
Little to no bleeding was visually observed for EG specimens due to the high
absorption capacity of the aggregates. Consequently, as shown in Figure 2.5(b), EG
specimens were more susceptible to plastic shrinkage cracks compared to the control
specimen. The use of superplasticizer in the EG mixtures may have also contributed to the
increase in total crack area [26]. Figure 2.6 shows the resulting cracks for select specimens.
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(a)

(b)
Figure 2.4. 28-day compressive strength of glass aggregate mortars (a) Group
1 specimens – MG, CG, and GB mortar (b) Group 2 specimens – EG
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(a)

(b)
Figure 2.5. Total crack area due to plastic shrinkage (a) Group 1 specimens –
MG, CG, and GB mortar (b) Group 2 specimens – EG

31

(a)

(b)

(c)
Figure 2.6. Overlay cracks after 4 hours of testing (a) Control (88 mm2 crack
area) (b) MG-30 (47 mm2 crack area) (c) EG-10 (218 mm2 crack area)

2.3.4. Drying Shrinkage
Drying shrinkage is a phenomenon caused by moisture loss in the pores of cementbased materials. Typically, the cement paste in concrete and cement mortar exhibit the
largest shrinkage; however, aggregates provide a restraining effect that reduces the
magnitude of the shrinkage [37]. When restrained, drying shrinkage in concrete and cement
mortar can result in cracking. Cracks can negatively affect durability as cracks provide
passages to deleterious substances. Additionally, shrinkage cracks can result in strength
reductions as cracks can penetrate deeper into the concrete over time [37]. Thus, the
evaluation of drying shrinkage is significant in the overall study of durability.
Figure 2.7 shows the development of drying shrinkage over time. As can be
observed in this figure, MG, CG, and GB specimens were effective in reducing drying
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shrinkage. However, EG specimens exhibited an opposite trend. The CG specimens
showed the least shrinkage. This is due to the angularity of the glass, which provided better
restraint compared to the GB particles. EG specimens experienced shrinkage greater than
the control specimen, which can be associated to the high porosity and tendency of the
particles to absorb the free water in the mix, thereby increasing volumetric contraction. It
should be noted that the effect of EG on drying shrinkage of cement mortar found in the
current study contradicts some earlier findings where a reduction in shrinkage was
observed [25]. Unlike these earlier reports, the aggregates used in this study were not prewetted prior to casting. It is also important to note that the shrinkage strains of EG-05 and
EG-10 were quite comparable and the difference between these two specimens is
negligible. It is probable that the amounts of glass replacements (5% and 10%) in these
mortar mixtures are too close to witness any distinct difference.
Since drying shrinkage is associated with loss of moisture, the strong relation
between the shrinkage strain and the weight loss of glass aggregate mortar, as shown in
Figure 2.8, was expected. Analysis of the trends indicate that mortar specimens containing
GB aggregates are far more durable than mortar specimens containing MG and CG
aggregates as GB specimens resulted in less weight loss for a particular value of the
shrinkage strain. For example, weight loss of MG-30, CG-30, and GB-30 can be
interpolated as 1.3%, 1.5%, and 1.1%, respectively, for the shrinkage strain of 1000x10-6.
Therefore, although GB specimens result in higher shrinkage strain over time (Figure 2.7),
it is far more durable than MG and CG specimens in terms of weight loss. Again, the results
of EG-5 and EG-10 are very similar.
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(a)

(b)
Figure 2.7. Development of drying shrinkage (a) Group 1 specimens at 30%
replacement (b) Group 1 specimens at 50% replacement
(a)
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(c)
Figure 2.7. (cont.) Development of drying shrinkage (c) Group 2 specimens
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(a)

(b)
Figure 2.8. Weight loss and shrinkage relation (a) Control (b) Group 1
specimens at 30% replacement
(c)
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(c)

(d)
Figure 2.8. (cont.) Weight loss and shrinkage relation (c) Group 1 specimens
at 50% replacement (d) Group 2 specimens
(d)
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2.3.5. Alkali Silica Reaction
It is generally presumed that incorporating glass aggregates in cement mortar
increases the risk of potentially deleterious internal expansion caused by ASR.
Nonetheless, many recent findings have disproved this assumption [9,13]. The current
study found that not all glass aggregates exhibit deleterious behaviour (Figure 2.9). As can
be found in Figure 2.9(a), CG specimens showed excessive expansion after 14 days in
NaOH solution, exceeding the deleterious zone boundary of 0.20% [33]. Figure 2.10 shows
an example of how surface cracking occurred in a CG specimen after immersing in NaOH
solution for 14 days. This figure also shows that the specimen was separated into two
pieces. Conversely, it was found that even after 28 days in NaOH solution, GB specimens
[Figure 2.9(b)] did not surpass the deleterious zone, but exceeded the ASTM C1260
threshold of 0.10% [33]. The GB specimen also performed better than the control
specimen. Figure 2.9(c) shows that the combined effect of CG and GB aggregates in MG
specimens resulted in significant expansion reduction of 47% and 52%, as compared to CG
specimens, for the replacement amounts of 30% and 50%, respectively. Since the chemical
compositions of the CG and GB are nearly similar, as presented in Table 2.2, it can be
concluded that the underlying explanation for the differing performance of CG and GB is
predominantly due to the size of the glass particles. Shayan and Xu [1] and Rajabipour et
al. [9] concluded that glass particle size above 0.60 mm can result in considerably higher
expansion, while particle size below 0.30 mm causes little to no deleterious expansion.
Since GB aggregates have higher proportion of fines compared to CG, GB specimens were
less susceptible to deleterious expansion. It should be noted that the control specimen just
meets the deleterious zone after 14 days in NaOH solution. This indicates that the curing
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condition used in this study was effective in accelerating ASR induced expansion. A
similar observation was found by Topçu, and Canbaz [7]. Nevertheless, the results obtained
from this study concludes that different glass aggregates cause varying degrees of ASR
expansion. Specifically, in relation to the control specimen, a detrimental effect was
realized for specimens containing CG aggregates, while a beneficial effect was observed
for specimens containing GB aggregates.
There is quite the contrast between the behaviour of EG specimens and the
specimens made of the other glass aggregates. As can be found from Figure 2.9(d),
performance of both EG-05 and EG-10 specimen were comparable, and both exhibited a
negligible expansion of approximately 0.04%. Additionally, no surface cracking developed
on the specimens throughout the entire duration of the test. It is likely that the impact of
any internal expansions caused by ASR was absorbed by the multiple voids of these
lightweight aggregates. Carsana and Bertolini [21] also undertook a study to determine the
effect of ASR on specimens made with expanded glass. SEM images presented by Carsana
and Bertolini indicated that internal fractures occur within the expanded glass aggregates;
however, ASR did not have any effect at the interfacial zone between the aggregate and
the cement matrix.
It is important to note that several studies contradict the use of the accelerated
mortar bar method (ASTM C1260) for determining ASR since the severe testing
environment has the potential of falsely identifying nonreactive aggregates as reactive
[38,39]. According to Munir et al. [40], ASTM C1260 best determines the reactivity of
marginally to moderately reactive aggregates. Although ASTM C1260 results can be overconservative, the speed of testing has been determined to be a significant practical
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advantage, which is why this test was used. Nonetheless, comparison of test results with a
longer-term test method should be considered in future studies.
EDS mapping of an MG specimen that has been immersed in NaOH solution for
14 days is depicted in Figure 2.11. This figure indicates a glass particle in red, which is
composed of primarily SiO2, surrounded by a layer of reacted silica and calcium in yellow.
The area in blue represents the cement which is predominantly CaO. The grey area at the
top of the image indicates a valley in the topology and hence, sufficient information from
this zone could not be obtained by EDS mapping analysis. It may be due to the fact that a
glass particle was de-bonded in this area. The chemical compositions of the specimen were
determined at the different spots as shown in Figure 2.11 and summarized in Table 2.4. As
expected, the unreacted glass, designated as Spot 1, has high SiO2 content with a high ratio
of SiO2 to CaO (SiO2/CaO), while the cement matrix, designated as spot 4, has high CaO
content with a very low SiO2/CaO. Spots 2 and 3, located in the yellow zone of the EDS
map, were found to have a SiO2/CaO of 2.11 and 0.9, respectively. According to
Rajabipour et al. [9], SiO2/CaO values between 0.2 and 1 suggests pozzolanic reaction
resulting in the formation of calcium silicate hydrate (CSH). On the other hand, SiO2/CaO
values between 1 and 5 suggests the formation of expansive ASR gel. SiO2/CaO at spot 3
is clearly CSH. However, there is a possibility of ASR gel formation at spot 2 though there
is also a likelihood that EDS detected a higher content of SiO2 since the spot is at the
interface of the glass and cement matrix.
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(a)

(b)
Figure 2.9. ASR expansion of glass aggregate mortar (a) Crushed glass (b)
Glass beads
(e)
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(c)

(d)
Figure 2.9. (cont.) ASR expansion of glass aggregate mortar (c) Mixed glass
(d) Expanded glass
(f)
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Figure 2.10. Deteriorated CG specimen immersed in NaOH solution for 14 days

Spot 4

Spot 3
Spot 2
Spot 1

Figure 2.11. EDS mapping of 14-day MG specimen exposed to NaOH solution

Table 2.4. EDS point analysis
Spot ID
1
2
3
4

Chemical composition (wt %)
SiO2
42.84
42.46
31.40
12.99

CaO
8.04
20.15
34.78
68.42

SiO2/CaO Description

Na2O
1.14
2.78
6.96
2.25

5.34
2.11
0.90
0.19
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Unreacted glass
Pozzolanic CSH or ASR gel
Pozzolanic CSH
Cement

2.4. Conclusions
This study examined the effect of incorporating a variety of glass aggregate in cement
mortar. Crushed glass, glass beads, and a mixture of the two were used to determine the
effect of these aggregates on the performance of cement mortar. Mortar with expanded
glass aggregates was also studied for possible integration with other glass aggregates in a
future research. This study found that the use of glass aggregates in cement mortar can be
of great benefit if a suitable type and amount of glass aggregate is chosen. The conclusions
of this study are summarised as follows. It should be noted that the conclusions may be
limited to the specimens used and the scope of the work.
1. It is generally presumed that the addition of glass aggregates increases the risk of ASR,
though outcomes of several recent studies do not agree with this. Nonetheless, the
current study concludes that not all glass aggregates result in deleterious expansions.
In fact, ASR in specimens with expanded glass aggregates was beneficial and it resulted
in a negligible expansion of 0.04%; in comparison, the expansion of the control
specimen was 0.2%. This study found that ASR depends on the size of the glass
aggregate. Finer glass aggregates help in reducing the deleterious expansions due to
pozzolanic properties. Further, the porosity of glass aggregates also affects the ASR
induced expansion. Higher porosity helps in reducing the expansion. Hence, negligible
ASR induced expansion (0.04%) was observed for expanded glass aggregate mortar
specimens.
2. The low absorption ability of crushed glass and glass bead aggregates causes increased
bleeding of the mortar mixtures and this results in a greater resistance to plastic and
drying shrinkage. On the contrary, expanded glass aggregate has high porosity and
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fineness. Thus, incorporation of this aggregate results in high absorption of free water
which causes a reduction in the workability and an increase in volumetric contraction.
However, the relationship between shrinkage strain and weight loss suggests that at a
particular strain, the mortar mix made of expanded glass aggregate exhibited the least
weight loss. Thus, this mix was found to be more durable than the mixes made of other
glass aggregates.
3. In general, incorporation of glass aggregate in the cement mortar causes reduction in
its compressive strength ranging from 3% to 32%. This reduction is associated to weak
bonding between glass aggregates and the cement matrix at the interfacial transition
zone. However, incorporation of glass bead and expanded glass aggregates results in
reverting some of the loss in strength caused by weak bonding. This happens because
finer glass particles have inherent pozzolanic properties. The study found that there was
only a 3% reduction in the 28-day compressive strength for EG-10 specimen.
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CHAPTER 3
STRENGTH, DURABILITY, AND THERMAL PROPERTIES OF
GLASS AGGREGATE MORTARS
3.1. Introduction
In 2014, 2,990,000 tons of glass, primarily in the form of containers, such as bottles
and jars, were recycled in the United States [1]. Nonetheless, economic constraints, such
as transportation costs, have led to the disposal of recyclable glass materials into landfills.
Research on concrete containing glass aggregates initiated around the 1970s as a method
of controlling the disposal of refuse glass. Most earlier studies explored the use of glass
aggregates in bituminous concrete for roads [2,3]. Since then, studies on glass aggregate
concrete have expanded due to the growing concerns in waste management.
There is much potential for the construction applications of recycled glass aggregates
as additives to concrete and even masonry systems. In fact, concrete containing glass
aggregates have been shown to be environmentally friendly and feasible as the use of glass
aggregates can minimize waste and lower the cost of concrete production [4,5]. However,
concerns regarding the susceptibility of glass aggregates to alkali silica reaction (ASR)
when combined with cement has deterred its widespread use in the concrete industry.
Nonetheless, recent studies have suggested general methods, such as the use of lithium
compounds and pozzolans, for controlling and mitigating detrimental expansions due to
ASR [6,7].
In recent years, there has been extensive research on the influence of glass as
aggregate replacement in concrete and cement mortar. The mechanical properties of glass
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concrete and glass mortar have been heavily studied as strength is critical for any building
material. The compressive strength of concrete containing glass aggregates has been
generally found to be lower than the strength of normal plain cement concrete, with the
reduction in strength increasing as the glass content increases [8,9]. However, studies by
Taha and Nounu [7] reported minor effect of recycled glass sand on the compressive
strength of concrete at 50% and 100% replacement levels after 28 days and 364 days,
respectively. Mardani-Aghabalou et al. [10] also found insignificant differences between
the strength of glass concrete and sand concrete after 28 days. Conversely, Ismail and AlHashmi [11] observed a minor increase in compressive strength of 20% waste glass
concrete after 28 days. According to Idir et al. [12], an increase in strength is characteristic
of finer glass particles, which exhibit pozzolanic properties. Particularly, Idir et al. [12]
found a strength increase of 30 – 35 MPa in glass aggregate mortars with glass particles
finer than 80 μm. Afshinnia and Rangaraju [13] and Kamali and Ghahremaninezhad [14]
also found that an increase in compressive strength was attributed to glass particles finer
than 50 μm.
Some studies have concluded that the weak bonding between the cement paste and
glass aggregates is the underlying cause of strength reduction [15,16]. Almesfer and
Ingham [17] also suggested that the high brittleness of glass leads to cracking upon loading,
which results in incomplete adhesion with the cement paste. Moreover, Wright et al. [15]
stated that soda-lime glass aggregates have lower resistance to fracturing compared to sand
aggregates. Hence, flexural and tensile properties have been found to exhibit similar results
as that of compressive strength [9,18].
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Plastic shrinkage in concrete and cement mortar occurs at early stages of casting when
the evaporation rate of surface water surpasses the bleed rate of the concrete. Plastic
shrinkage cracks rarely impair strength, specifically in concrete floors and pavements;
however, the growth of the cracks can affect serviceability and long-term durability as the
cracks provide a passage for chlorides and other deleterious agents [19]. In reinforced
concrete structures, cracks can result in corrosion of reinforcement bars, which can
ultimately cause strength reduction. Modifications in the mixture design as well as proper
placing and curing practices are a few methods of reducing the occurrence of plastic
shrinkage cracks. In addition, fibres can be used to control plastic shrinkage cracks. This
has been well studied in many aspects of concrete construction materials [20–22].
Nonetheless, there is no known literature on the plastic shrinkage of concrete or cement
mortar containing glass aggregates, though several studies on drying shrinkage do exist.
These studies conclude that glass aggregates reduce drying shrinkage and microcracking
[16,23]. Although the magnitudes of plastic and drying shrinkage cannot be correlated [24],
the mechanisms of both types of shrinkage suggest that the impermeability of glass
aggregates can control plastic shrinkage as well. Studies are required to validate this
assumption and fill the gap in the literature.
Even without cracks, penetration of aggressive agents like soluble salts are common
concerns in porous materials like concrete. Penetration of substances can occur through
different transport mechanisms (diffusion, absorption, or permeation) and can deteriorate
steel reinforcements, initiate chemical degradation of concrete, and contribute to the
development of frost damage [25]. Fortunately, it is in good agreement that concrete and
cement mortar containing glass aggregates have low absorption capacity due to the
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impermeable nature of glass [7,16]. However, De Castro and De Brito [4] found that the
absorption performance of glass aggregate concrete was similar to that of regular concrete.
This study stated that the size of the replaced aggregates may have influenced the
absorption results.
The impermeable nature of glass aggregates has also shown positive effects in terms
of rapid chloride permeability of concrete and cement mortars. Wright et al. [15] and Tan
and Du [9] have concluded that glass aggregate concrete provides greater resistance to
chloride ion permeability since glass is understood to have little to no internal porosity.
Furthermore, the greater resistance of mortar to chloride permeability is attributed to the
packing efficiency of the glass, which is enhanced with finer gradations. Conversely, De
Castro and De Brito [4], have claimed that adding glass does not significantly change the
chloride ion permeability behaviour of concrete because the quality of the cement governs
the chloride penetration. Nonetheless, previous studies on the penetration of substances
into glass aggregate concrete were for specimens at the age of 28 days. Hence, further
studies on the transport of substances into mature concrete is necessary.
According to Delgado et al. [26], penetration of moisture in porous building materials
not only causes degradation, in terms of strength and durability, but can also change
thermal conductivity. Thermal conductivity is the rate at which heat passes through a
material. Lower thermal conductivity indicates better insulating properties, which can
increase energy savings. The thermal properties of aggregates highly influence the thermal
conductivity of concrete materials [27]. Thus, since glass has a lower thermal conductivity
than sand, concrete with glass aggregates generally has a lower thermal conductivity. Yun
et al. [28] found a 42% decrease in thermal conductivity when glass bubbles are
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incorporated into concrete. In addition, Alani et al. [29] studied the thermal performance
of screeds (a cementitious material that is typically laid over concrete subfloors) containing
100% glass aggregates. The study found a decrease in the thermal conductivity of glass
screeds by almost 50% when compared to sand screeds. Nonetheless, there are gaps in the
literature regarding the thermal conductivity of glass aggregate concrete or mortar.
Specifically, the effect of specimen age on thermal conductivity has yet to be addressed by
researchers. Further, the effect of various glass aggregate type has not been studied.
The objective of this study is to evaluate the suitability of glass aggregates for future
building construction applications. Compressive strength of cement mortars was evaluated,
and durability was assessed qualitatively through plastic shrinkage, and quantitatively
through water immersion absorption and rapid chloride permeability tests. There is no
known research on the propagation of plastic shrinkage cracks in glass aggregate mortars,
and there is limited research on the penetration of substances in mature concrete. Thus, this
study serves to fill gaps in the literature. Furthermore, with few studies on the thermal
conductivity of glass aggregate mortar, this property was assessed in this study to validate
and add to the current literature.

3.2. Experimental Procedure
Cement mortars containing varying proportions of crushed glass and glass bead
aggregates as replacements of natural sand were assessed for compressive strength, plastic
shrinkage, immersion absorption, rapid chloride permeability, and thermal conductivity.
Testing was conducted at specimen ages of 28, 90, and 365 days. The experimental method
followed in this study is described in the subsequent sections.
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3.2.1. Materials
Type GUL Portland limestone cement, conforming to CAN/CSA-A3001 [30], was
used in the preparation of all cement mortar specimens. Fine aggregates comprised of
natural sand with a fineness modulus of 2.63 and commercially purchased glass particles
made from 100% recycled glass. Two types of glass aggregates were used – crushed glass
(CG) (Figure 3.1) and glass beads (GB) (Figure 3.2). Crushed glass aggregates had particle
sizes ranging from 850 to 600 μm and a density of 2499 kg/m3. Glass bead aggregates had
particle sizes ranging from 125 to 40 μm and a density of 1249 kg/m 3. The chemical
properties of the materials, obtained through X-ray fluorescence (XRF) analysis, are
presented in Table 3.1.

Figure 3.1. Crushed glass aggregates

Figure 3.2. Glass bead aggregates
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Table 3.1. Chemical composition of materials (%)
Analyte symbol Cement

Sand

Crushed glass

Glass bead

CaO
SiO2
Al2O3
Fe2O3(T)
MnO
MgO
Na2O
K2O
SO3
TiO2
P2O5
Co3O4
CuO
NiO
Cr2O3
V2O5
LOI

19.17
46.65
6.6
3.07
0.063
2.68
1.13
1.24
0.27
0.07
< 0.005
0.006
< 0.003
< 0.01
0.007
16.43

10.46
70.88
2.25
1.29
0.024
1.3
12.85
0.64
0.09
0.02
< 0.005
0.023
< 0.003
0.08
< 0.003
-

9.17
71.55
0.72
0.66
0.01
3.72
13.82
0.13
0.03
0.01
< 0.005
< 0.005
< 0.003
0.01
< 0.003
-

62.3
18.2
4.5
2.76
3.1
0.22
0.45
3.47
0.21
4.8

3.2.2. Mixture Proportioning and Casting
The cement to fine aggregate (sand and glass) ratio and water to cement ratio were
maintained at 1:2 by mass. Natural sand was replaced with glass particles at varying
amounts of 30%, 50%, 70%, and 100% by mass of the aggregates (sand). The composition
of the total glass replacement was 67% crushed glass and 33% glass beads to keep the fine
aggregates well-graded. The control mortar specimen contained no glass aggregates. Table
3.2 summarizes the mixture proportions for all cement mortar specimens used in this study.
The mixture designation indicates that the specimens consist of a combination of two types
of glass aggregates (CG and GB) as the notation “MG” refers to mixed glass. This
specification is followed by the percentage of sand replaced with glass. Thus, MG-30
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denotes a specimen with fine aggregates comprised of 30% glass (crushed glass and glass
beads).
Table 3.2. Mass proportions of mortar mixtures
Mixture
designation

Cement

Water

Control
MG-30
MG-50
MG-70
MG-100

1.0
1.0
1.0
1.0
1.0

0.5
0.5
0.5
0.5
0.5

Fine aggregates
Crushed
Sand
glass
2.0
1.4
0.40
1.0
0.67
0.6
0.93
1.33

Glass bead
0.20
0.33
0.47
0.67

A set sequence and procedure were followed in the preparation of each cement
mortar mixture to ensure the consistency of the specimens produced. Firstly, the cement,
sand, and glass were combined and mixed until all materials were uniformly distributed.
Water was slowly added to the dry materials in batches as it was mixed in a laboratory pan
mixer. The total duration of mixing was three minutes. Superplasticizer was not required
in any of the mixes as the low absorption of the glass particles retained free water at the
surface, improving workability.
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3.2.3. Test Methodology
3.2.3.1. Compressive Strength
The compressive strength of 50 mm mortar cubes was tested for each mixture at
28, 90, and 365 days after casting. Test specimens were cured in a lime-water bath, as per
ASTM C192 [31] and ASTM C511 [32], at standard conditions of 20°C and at accelerated
conditions of 50°C. A universal testing machine was used to apply uniaxial compressive
load for which the ultimate load was recorded and used in calculating the compressive
strength. In accordance with ASTM C109 [33], six specimens for each mixture and each
curing condition were tested.
3.2.3.2. Plastic Shrinkage
Plastic shrinkage test procedures were based on ASTM C1579 [34]. Internal
restraint was provided using a modified method established by Branston et al. [20] and
Banthia and Gupta [35]. As illustrated in Figure 3.3, 500 x 320 x 50 mm concrete restraint
elements with 10 mm hemispherical protrusions were used for a 30 mm mortar overlay.
Plastic shrinkage tests were performed in an environmental chamber (Figure 3.4) operating
at a temperature of 40°C (± 2°C) and a relative humidity of 15% (± 3%). Two heater fans
and a humidifier were used to maintain the set environmental conditions, which resulted in
an evaporation rate of 1 kg/m2/h. The total duration of the test was six hours.
Plastic shrinkage test specimens were analyzed by means of image processing. A
digital camera was propped above the environmental chamber to capture an image of the
test specimen at 1-minute intervals, for the entire duration of the test. ImageJ software was
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then used to quantify the total crack area and maximum crack width. Further explanation
on the ImageJ analysis is provided in the discussion section.

Figure 3.3. Plastic shrinkage restrain element with hemispherical protrusions

Figure 3.4. Setup of plastic shrinkage environmental test chamber
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3.2.3.3. Absorption
Mortar specimens were tested for water absorption by total immersion, as per
ASTM C642 [36]. Prior to immersion, two cylindrical specimens, with a diameter of 100
mm and thickness of 50 mm, were oven dried at 110°C (± 2°C) for 24 hours. The mass of
oven dried specimens and surface dried specimens after 24 hours of immersion was
recorded. The total absorption after 48 hours of immersion is reported for each mixture at
28, 90, and 365 days after casting.
3.2.3.4. Rapid Chloride Permeability
Resistance to the penetration of chloride ions was assessed in accordance with
ASTM C1202 [37]. Two 50 mm thick disks were cut from the center of cylindrical
specimens with a diameter of 100 mm. The circumferential face of the mortar disks was
coated with a rubber sealant and the disks were placed in a desiccator for 3 hours. The
specimens were then mounted between plexiglass cells and sealed with a silicon rubber
sealant. The reservoir of one cell was filled with 3% NaCl, while the other was filled with
0.3N NaOH. A potential difference of 60 ± 0.1 V DC was applied for 6 hours, and a
computerized data acquisition system was used to record the charge passed at 30-minute
intervals. Tests were conducted for each mixture at 28, 90, and 365 days after casting.
3.2.3.5. Thermal Conductivity
Thermal conductivity was measured in accordance with ASTM D5334 [38] using
the TLS-100 Portable Thermal Conductivity/Thermal Resistivity Meter. Test specimens
were prepared by casting 100 x 200 mm cement mortar cylinders. A hollow metal sleeve
with a length of 100 mm and diameter of 2 mm was inserted at the center of the mortar
59

cylinder, approximately 30 minutes after placing the mortar mixture in the molds.
Specimens were demolded after 3 days and stored in ambient temperature for the entire
duration of the test. Prior to testing, thermal paste was applied to the sensor needle to
provide better contact between the sensor and the metal sleeve. Figure 3.5 shows the
method of testing. Measurements were taken 28, 90, and 365 days after casting. The
average of 2 specimens is reported.

Figure 3.5. Testing procedure for thermal conductivity

3.3. Results and Discussion
3.3.1. Compressive Strength
The average 28, 90, and 365-day compressive strength of glass aggregate mortars
under standard moist curing (20°C) are shown in Figure 3.6. The results indicate that an
increase in glass content decreases compressive strength. At the age of 365 days, the
decrease in strength is as much as 22% between the control specimen and the MG-100.
Figure 3.6 also shows that strength increases with age. After 90 days, higher strength gain
was observed for mortars containing glass aggregates, specifically MG-70 and MG-100.
For specimen MG-100, the increase in compressive strength from 28 days to 365 days is

60

73%, whereas the increase is about 22% for the control specimen. A possible explanation
for the greater strength development of glass aggregate mortars at later ages is the
pozzolanic effect of the glass. According to Idir et al. [12], substantial pozzolanic activity
occurs when glass particles are less than a transition fineness of 140 μm. The size of the
glass beads used in the mixtures is within this range.

Figure 3.6. Compressive strength of glass aggregate mortar at 20°C curing condition
To further assess the strength of glass aggregate mortars, specimens were subjected
to accelerated curing at 50°C (Figure 3.7). This method of curing is typically used to
determine early age (28-day) strength as increased curing temperatures accelerate the
process of hydration. In this study, accelerated curing was extended to evaluate
compressive strength at later ages for comparison with results of standard 20°C curing.
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Figure 3.7 shows that the high temperature curing of 50°C results in higher 28-day
compressive strength for some glass aggregate mortars when compared with standard 20°C
curing results. Specifically, MG-70 and MG-100 specimens experienced a 33% and 37%
increase in 28-day compressive strength, respectively, when cured at 50°C compared to
20°C. However, the accelerated curing condition did not have a substantial effect on the
control, MG-30, and MG-50 specimens. The difference in strength between glass aggregate
specimens cured at 50°C and 20°C was also observed to decrease with age. For MG-70
and MG-100 specimens cured at 50°C, the strength at 365 days was less than the strength
when cured at 20°C. Escalante-Garcia and Sharp [39] and Elkhadiri et al. [40] observed
similar trends. According to these authors, although elevated curing temperatures
significantly increases early age hydration rate, which causes higher early age strength,
long term strength is decreased due to increased porosity and less uniform microstructures.
From Figure 3.7 it is also evident that all specimens containing glass aggregates
exhibited insignificant strength development after 90 days, suggesting that the strength has
almost stabilized after 90 days. On the other hand, there is still considerable strength
development in the control specimen after 90 days. There is a 34% difference in strength
between the control and MG-100 specimens after 365 days. This is 12% less than the
difference found from standard 20°C curing. It is possible that the further reduction in
strength is linked to the formation of delayed ettringite, which occurs because of the
decomposition of primary ettringite at high temperatures, and/or high alkali silica reactivity
of the glass aggregates [41]. Curing temperatures above 70°C have often been cited as the
condition initiating delayed ettringite formation [42]. The extended curing condition of
50°C used in this study coupled with the low specific heat of glass could have caused the
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water to absorb higher amounts of heat during hydration, thereby increasing the internal
heat of hydration [43,44]. Figure 3.8 shows an SEM image of ettringite formation of an
MG specimen after 365 days cured in accelerated conditions. It is important to note that it
is unclear whether the ettringite observed is delayed ettringite; however, the image does
indicate the maturity of the cement mortar.

Figure 3.7. Compressive strength of glass aggregate mortar at 50°C curing condition
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Figure 3.8. Ettringite formation in MG specimen after 365 days of 50°C curing
3.3.2. Plastic Shrinkage
Plastic shrinkage cracks mainly affect serviceability and durability of concrete and
cement mortar; however, the growth of these cracks can affect strength over time. Rapid
loss of moisture at the surface of freshly placed concrete or mortar induces shrinkage that
often result in shallow cracks. The cracks form because of tensile stresses on plastic
concrete or mortar. These stresses are developed due to restraints below the exposed
surface. In this study, cracking due to plastic shrinkage was analysed using ImageJ
software to provide better accuracy in the quantification of the surface crack properties.
The captured images of the mortar surfaces were processed as an 8-bit image. Upon scaling
the image, the black and white threshold was adjusted to attain the profile of the cracks.
The total crack area and crack width were then determined by means of particle analysis.
Figure 3.9 outlines the steps that were undertaken for the analysis.
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Figure 3.9. Crack area and crack width analysis using ImageJ software
The method of plastic shrinkage analysis allowed for the assessment of plastic
shrinkage crack development. As shown in Figure 3.10, the first sign of cracking in the
control mortar was observed after 60 minutes of placing. Sample images of how the cracks
propagate are shown in Figure 3.11. Cracking of glass aggregate mortars ensued
approximately 20 minutes later compared to the control mortar specimen. Additionally,
comparison of the slope of the curves indicates that the cracks propagated faster in the
control mortar compared to the glass aggregate mortars. The development of the cracks is
slower for the glass aggregate mortars because of the lower absorption capacity of glass,
which causes increased bleed rates. The availability of bleed water at the surface of the
specimen delays drying of the surface [45]. In general, after approximately 2 hours of
testing, the total crack area begins to stabilize, which indicates the setting of the mortar.
The addition of glass aggregates in mortar significantly decreases plastic shrinkage
cracks. Specifically, Figure 3.12 shows that the total crack area was reduced by 81% for a
glass replacement level of 30% (MG-30) when compared to the control mortar. Further, a
full glass replacement (MG-100) experienced a 96% reduction in total crack area. As
suggested by Tan and Du [9], dimensional stability of the mortar was likely improved by
the glass aggregates. Nonetheless, the total crack area only amounted to 0.84%, 0.16%,
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0.12%, 0.10%, and 0.03% of the total surface area of the control, MG-30, MG-50, MG-70,
and MG-100 specimens, respectively. From the post-processed images of the cracking
surface (Figure 3.13), it was also observed that there is no definite pattern in the cracks and
that the width of the cracks become finer with the inclusion of glass aggregates. The
maximum crack widths are quantified in Figure 3.12. These results confirm the assumption
of Wright et al. [15], who stated that lower drying shrinkage, which can be achieved with
glass aggregate mortars and concretes, may improve early-age cracking performance. Such
reduction in total crack area and crack width indicates that glass aggregates can improve
long-term durability by means of reducing passages for chlorides and other deleterious
agents.

Figure 3.10. Development of plastic shrinkage cracks
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Figure 3.11. Propagation of cracks in control specimen

Figure 3.12. Total plastic shrinkage crack area and maximum crack width
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Figure 3.13. Plastic shrinkage crack patterns
3.3.3. Absorption
It was presumed that glass aggregates would reduce absorption because of their
impermeable characteristic. Nonetheless, it is evident from Figure 3.14 that there is an
insignificant difference between the absorption of the control mortar and the glass
aggregate mortar, though the absorption of glass aggregate mortars is slightly lower. The
difference in absorption after 24 hours of immersion is as much as 1.37%, 0.66%, and
0.28% at 28, 90, and 365 days, respectively. Similar results were observed by De Castro
and De Brito [4] and Taha and Nounu [7]. It is possible that the shape of the crushed glass
aggregates may have contributed to the minor influence of the glass on absorption as
angular and irregular particles increase voids [46], and more voids increases absorption.
The pre-conditioning of the specimens could have also affected the results as high
temperature curing of the specimens may have caused shrinkage and microcracks in the
microstructure of the mortar. Thus, regardless of glass impermeability, the improvement
in immersion absorption was not realized. Furthermore, Figure 3.14 also indicates that the
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amount of absorption significantly decreases with age. This is a reasonable result as the
total porosity of cementitious materials generally decreases with the progress of the
hydration process [47].

Figure 3.14. 24-hour immersion absorption of glass aggregate mortars
3.3.4. Rapid Chloride Permeability
Resistance of cementitious materials to chloride permeability is an indication of
durability as permeation of chloride ions introduce problems in reinforcement corrosion
and frost damage. Figure 3.15 shows the total charge passed for the glass aggregate
specimens. As the amount of glass particles increases, the total charge passed is reduced.
At the age of 28 days, the control mortar experienced the most chloride permeability with
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a total charge passed of 9877 C, whereas MG-100 had the least charge passed of 5456 C.
Thus, a reduction of about 45% was observed in MG-100. The difference after 90 days and
365 days were about 63% and 64%, respectively. These results are attributed to the lack of
internal porosity of the glass particles compared to natural sand aggregates, as well as the
low moisture absorption of the glass [48]. As per ASTM C1202 [37], better quality and
durability is indicative of less charge passed. The results show that all cement mortar
specimens in this study exhibited moderate (2000 – 4000 coulombs) to high (>4000
coulombs) values of total charge passed. Tan and Du [9] observed similar results and
attributed these characteristics to the porous structure of the cement paste and the lack of
coarse aggregates. In a similar manner as the absorption results, there is a substantial
improvement in chloride permeability after 365 days due to the maturity of the hydration
products in the pores, restricting the movement of the ions. Specifically, the 365-day
permeability in all the mortar specimens was reduced to approximately half of the total
charge passed at 28 days.
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Figure 3.15. RCPT of glass aggregate mortars
3.3.5. Thermal Conductivity
In building applications, the thermal conductivity of building materials is better
interpreted using the R-value. R-value is the measure of a material’s ability to resist heat
flow through a given thickness or, in other words, it indicates the effectiveness of
insulation. Nonetheless, thermal conductivity, which is inversely related to the R-value, is
commonly used in the assessment of thermal properties of materials as it is independent of
thickness. Lower thermal conductivity or higher R-value means better thermal
performance. Unfortunately, concrete and masonry do not contribute significantly to the
R-value of typical wall assemblages [49]. Thus, typical concrete and masonry wall systems
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generally consist of various insulating layers to meet standard thermal performance levels.
Therefore, there is a need to improve the thermal performance of cementitious materials.
In general, glass materials have low thermal conductivity, thus it is intuitive that
incorporating glass aggregates will improve the overall thermal conductivity of
cementitious materials. As shown in Figure 3.16, thermal conductivity improvements of
13%, 26%, 40%, and 51% were obtained at glass replacement levels of 30%, 50%, 70%,
and 100%, respectively, when compared to the control mortar at 28 days. After 365 days,
there is a minor decrease in thermal conductivity, which is likely associated with the loss
of water in the pores due to the hydration process. The placement of the test specimens in
a controlled environment, free from excess moisture, could have also minimized the
changes in thermal conductivity as moisture in the pores of the cement matrix can have a
significant effect [26]. The difference between the three ages ranged from 0.010 W/(m∙K)
to 0.177 W/(m∙K).
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Figure 3.16. Thermal conductivity of glass aggregate mortars

3.4. Conclusions
This experimental work examined the performance of glass aggregate mortars in the
areas of strength, durability, and thermal conductivity. Durability of glass aggregate mortar
was qualitatively and quantitatively assessed through plastic shrinkage, immersion
absorption, and rapid chloride permeability tests. The results of the study indicated that the
addition of glass aggregates improves many of the properties tested in this experimental
work, namely plastic shrinkage, chloride permeability, and thermal conductivity, which is
beneficial in the building and construction industry. The major findings of this work are
summarized as follows. It should be noted that the conclusions drawn herein may be limited
to the scope of the work.
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1. Glass aggregate mortars resulted in slightly lower strengths when compared to mortars
containing natural sand aggregates. However, glass aggregate mortars experienced
much greater strength development at later ages due to pozzolanic effect. In comparing
the effects of standard (20°C) and accelerated (50°C) curing, higher 28-day strength
was observed for glass aggregate specimens cured at 50°C due to the accelerated
process of hydration. Nevertheless, higher temperature curing results in lower later age
strength. In addition, the inherently low specific heat of glass likely increased internal
heat of hydration and accelerated the hydration process. Nonetheless, delayed ettringite
formation from increased curing temperatures likely caused the further reduction in
strength of the glass aggregate mortars.
2. Cracking of the control mortar initiated after 60 minutes of placing under the set
environmental conditions with an evaporation rate of 1kg/m2/h. Cracks in the control
mortar developed earlier and propagated at faster rates compared to the glass aggregate
mortar. This occurred because the availability of bleed water delayed the drying of the
exposed surface. An 81% improvement in plastic shrinkage cracks was realized when
30% of glass aggregate was incorporated in mortar, whereas a 96% reduction was
observed when full glass replacement was used. Glass aggregates also minimized the
crack widths.
3. The various durability analyses performed indicated that glass aggregate mortars are
effective in resisting penetration of aggressive agents not only through the
minimization of plastic shrinkage cracks, but also through the minimization of transport
of substances by absorption and permeation. Immersion absorption results of glass
aggregate mortar were only slightly better than the control mortar as the angularity and
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irregularity in the shape of the crushed glass may have introduced voids into the matrix.
However, substantial improvements in chloride permeability was achieved with glass
aggregates. The maturity of the specimens also contributed to the improvement in
durability as the formation of hydration products in pores reduced the number of
internal voids.
4. At 28 days, full replacement of sand with glass aggregates significantly decreased
thermal conductivity by 51% when compared with the control mortar. The inherently
low thermal conductivity of the glass aggregates is responsible for the reduction in the
overall thermal conductivity of the mortar specimens. Minimal variation in thermal
conductivity was observed over the ages of 28, 90, and 365 days. This result is likely
due to the well controlled testing environment.
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CHAPTER 4
DURABILITY OF GLASS AGGREGATE MORTARS CONTAINING
SUPPLEMENTARY CEMENTITIOUS MATERIALS
4.1. Introduction
Concrete is the world’s leading building material. However, emissions from global
cement production are staggeringly high and are of major concern. In 2016, it was
estimated that 10.5 EJ of energy was consumed and 2.2 Gt of CO2 was generated in the
global production of cement [1]. In order to reduce the environmental impacts associated
with concrete materials, the consumption of cement must be reduced. This can be achieved
by using sustainable supplementary cementitious materials (SCMs). SCMs can be obtained
naturally or from waste by-products of various processes. Natural SCMs include
metakaolin, calcined shale or clay, and volcanic ash, to name a few. On the other hand, fly
ash, slag, and silica fume are SCMs originating from waste by-products of coal, steel, and
silicon metal and ferrosilicon alloy plants, respectively. Thus, partial replacement of
cement with SCMs produces a sustainable and greener concrete material. Likewise, the
quarrying of natural aggregates for concrete production also poses environmental impacts.
Nonetheless, the use of recycled aggregates, such as glass, can further improve the
sustainability of conventional concrete materials.
It has been well researched that the use of SCMs can enhance the fresh and hardened
properties of concrete by improving its workability, strength, and durability. Specifically,
the use of fly ash has been shown to reduce drying shrinkage and permeability through the
enhancement of the concrete microstructure [2–5]. Fly ash has also been shown to reduce
expansions due to alkali silica reaction (ASR); however, the reduction in expansion
80

depends on the class of the fly ash used. Studies in the literature have reported that class F
fly ash performs better than class C fly ash because it contains less CaO [6]. It has also
been reported that the use of fly ash as partial cement replacement reduces early-age
compressive strength due to its slower reaction rate [7,8]. Unlike fly ash, slag exhibits high
hydration activity, thereby resulting in improved early-age compressive strength [9]. In
terms of durability, concrete containing slag blends exhibit similar benefits as concrete
containing fly ash blends since slag is also effective in reducing permeability, chloride
penetration, and ASR [10].
Silica fume is a very reactive SCM due to its chemical and physical properties. Hence,
it is very effective even at lower replacement levels. Typical silica fume replacements
range from 5% to 15% [11]. Silica fume in concrete can significantly improve strength and
durability through pore-size refinement, matrix densification, and interfacial transition
zone refinement between the cement paste and the aggregates [11]. At similar replacement
levels, metakaolin has been found to be comparable to silica fume. Specifically, Poon et
al. [12] reported that the chloride resistance of concrete containing SF and MK are similar
at water-to-binder ratios of 0.3 and 0.5. However, there have been reports indicating that
concrete with SF blends resists chloride ion penetration slightly better than concrete with
MK blends [13]. Moreover, studies have shown that concrete containing SF exhibit
marginally lower absorption characteristics compared to concrete containing MK [14].
Nonetheless, in terms of strength, MK outperforms SF [12].
Aside from binary blends, the effects of ternary and quaternary blends of SCMs in
concrete materials have also been studied by several researchers [4,15–17]. In general,
ternary and quaternary cementitious blends further improve the strength and durability
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properties of cementitious materials. However, predicting the outcomes of varying
combinations of SCMs is challenging as the interaction between multiple SCMs produces
synergistic effects, which are often influenced by the chemical composition and physical
properties of the SCMs used.
The combined use of glass aggregates and SCMs have been well documented in the
literature. The primary reason for the use of SCMs in glass aggregate concrete and mortar
is to mitigate and even eliminate deleterious expansions associated with alkali silica
reaction [18–20]. The lower alkalinity of SCMs compared to ordinary cement is the
foremost reason for its effectiveness in reducing ASR expansion. Nonetheless, the overall
effectiveness of SCMs in glass aggregate concrete and mortar is still dependent on its
chemical and physical characteristics. According to studies conducted by Du and Tan [21],
the inclusion of SCMs in combination with glass aggregates further improves resistance to
chloride ion penetration, drying shrinkage, compressive strength, split tensile strength, and
flexural strength.
Although several studies have investigated the use of SCMs in glass aggregate
concrete and mortar, many have only considered the effects of one, two, or even three types
of SCM. There are also very few studies on glass aggregate concrete and mortar containing
ternary cementitious blends. In addition, these studies have been limited to concrete and
mortars containing one type of glass aggregates. Thus, this study was designed to provide
a reasonable comparison between four different SCMs in binary and ternary combinations.
The various SCM blends were used to produce mortars containing two types of glass
aggregates. A comprehensive and extensive research was conducted on a total of 25 glass
aggregate mortar mixtures. The binary and ternary blend mixtures were composed of
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cement and either fly ash class F, slag, silica fume, or metakaolin. The effect of the SCM
blends on compressive strength, alkali silica reaction, chloride permeability, and sorptivity
was investigated and optimum SCM blends were determined.

4.2. Experimental Procedure
An experimental method was undertaken to determine the strength and durability
properties of glass aggregate mortars containing supplementary cementitious materials
(SCM). The influence of binary and ternary cementitious blends, consisting of fly ash, slag,
silica fume, metakaolin, and a combination thereof, were investigated in this study. Tests
on compressive strength, alkali silica reaction (ASR), chloride permeability, and sorptivity
were conducted and the optimum combination and replacement level of SCM was
determined.
4.2.1. Materials
All blended cement mortar specimens were prepared using fine aggregates
composed of natural sand with a fineness modulus of 2.63 and commercially purchased
glass particles made from 100% recycled glass. The glass aggregates used include crushed
glass and glass beads. The crushed glass aggregates have particle sizes ranging from 600
to 850 μm and density of 2499 kg/m3, whereas the glass bead aggregates have particle sizes
ranging from 40 to 125 μm and density of 1249 kg/m3. The cementitious materials used
include general use Portland limestone cement (PC), conforming to CAN/CSA-A3001
[22], and fly ash class F (FA), slag (SG), silica fume (SF), and metakaolin (MK). The
chemical composition of the cement and four SCMs are presented in Table 1. These
properties were obtained through x-ray fluorescence analysis.
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Table 4.1. Chemical composition of cementitious materials (%)
Analyte Symbol PC

FA

SG

SF

MK

Co3O4
CuO
NiO
SiO2
Al2O3
Fe2O3(T)
MnO
MgO
CaO
Na2O
K2O
TiO2
P2O5
Cr2O3
V2O5
LOI
Total

< 0.005
0.009
0.231
61.3
19.91
6.9
0.066
1.74
1.33
1.02
2.26
0.9
0.15
0.04
0.953
3.65
100.5

< 0.005
0.005
< 0.003
36.9
9.08
0.61
0.327
10.91
37.6
0.25
0.26
0.36
0.01
0.01
0.004
0.26
96.58

< 0.005
< 0.005
0.004
85.39
6.27
0.19
0.007
< 0.01
0.03
0.11
0.04
0.07
0.37
< 0.01
0.004
0.88
93.38

< 0.005
< 0.005
< 0.003
63.49
29.85
1.19
0.01
0.49
0.35
0.14
1.81
0.68
0.03
0.01
0.022
2.03
100.1

< 0.005
0.01
< 0.003
19.78
5.38
2.67
0.066
2.44
62.43
0.12
0.49
0.31
0.13
0.01
0.009
1.52
95.38

4.2.2. Mixture Proportioning
For all blended cement mortar specimens, the binder to fine aggregate (sand and
glass) ratio was maintained at 1:2 by mass. The water to binder ratio was also maintained
at 1:2 by mass. Fine aggregates constituted 70% sand and 30% glass (20% crushed glass
and 10% glass beads), which was kept unchanged for all mortar specimens. The control
mortar was made with only standard Portland cement (PC), whereas binary blends
consisted of PC and one type of supplementary cementitious material (SCM) – FA, SG,
SF, or MK. The replacement levels of the SCMs were decided based on literature. FA and
SG were used at replacement levels of 15% and 30% and were categorized as Group 1
SCMs, whereas SF and MK were used at replacement levels of 5% and 10% and were
categorized as Group 2 SCMs. The mixture designation for binary blend mixtures is simply
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the SCM abbreviation followed by the amount of replacement by mass. For example,
mixture FA-15 indicates that 15% of the Portland cement was replaced with fly ash. Two
sets of ternary blend mixtures were also investigated. The first set of ternary blend mixtures
is FA-based, while the second set is SG-based. FA-based ternary blends consist of FA as
the primary cement replacement and either SF or MK (Group 2 SCM) as the secondary
cement replacement. Likewise, SG-based ternary blends consist of SG as the primary
cement replacement and one Group 2 SCM as the secondary cement replacement. For the
ternary blends, the mixture designation specifies the two levels of SCM replacement. For
example, FA-15-SF-5 indicates that 15% of the cementitious material is fly ash, 5% is silica
fume, and the remaining 80% is Portland cement. All 25 mixtures are summarized in Table
2. Superplasticizers were not required in any of the mixtures and ASTM C305 [23] was
followed for the mixing procedure.
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Table 4.2. Mass proportions of mortar mixtures
Cementitious Materials

Ternary Blends

Binary Blends

Mixture designation Water Sand

Glass
PC

FA

SG

SF

MK

1.00
0.85
0.70
0.85
0.70
0.95
0.90
0.95
0.90
0.80

0.15
0.30
0.15

0.15
0.30
-

0.05
0.10
0.05

0.05
0.10
-

FA-30-SF-5

0.65

0.30

-

0.05

-

FA-15-SF-10

0.75

0.15

-

0.10

-

FA-30-SF-10

0.60

0.30

-

0.10

-

FA-15-MK-5

0.80

0.15

-

-

0.05

FA-30-MK-5

0.65

0.30

-

-

0.05

FA-15-MK-10

0.75

0.15

-

-

0.10

0.60

0.30

-

-

0.10

0.80

-

0.15

0.05

-

SG-30-SF-5

0.65

-

0.30

0.05

-

SG-15-SF-10

0.75

-

0.15

0.10

-

SG-30-SF-10

0.60

-

0.30

0.10

-

SG-15-MK-5

0.80

-

0.15

-

0.05

SG-30-MK-5

0.65

-

0.30

-

0.05

SG-15-MK-10

0.75

-

0.15

-

0.10

SG-30-MK-10

0.60

-

0.30

-

0.10

Control
FA-15
FA-30
SG-15
SG-30
SF-5
SF-10
MK-5
MK-10
FA-15-SF-5

FA-30-MK-10
SG-15-SF-5

0.50

1.40

0.60

0.50

1.40

0.60

0.50

1.40

0.60
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4.2.3. Test Methodology
4.2.3.1. Compressive Strength
A compressive strength test of 50 mm mortar cube specimens was performed using
a universal testing machine, as per ASTM C109 [24]. Specimens were cured in lime-water
at 20°C and were surface dried prior to testing. For each mixture, a total of five specimens
were casted and tested at the ages of 28 and 90 days.
4.2.3.2. Alkali Silica Reaction
Expansion due to ASR was determined in accordance to ASTM C1567 [25]. Four
standard mortar bar specimens (25 mm x 25 mm x 250 mm) were cast for each mixture.
The specimens were demolded after 24 hours of casting and were placed in a water bath at
80°C. The specimens were removed from the water bath after 24 hours and a length reading
was taken prior to placing the specimens in NaOH solution at 80°C. The change in length
of the specimens was periodically measured using a length comparator and the average
expansion after 14 days of exposure to the NaOH solution was reported. It is important to
note that the testing procedure followed provides a very aggressive alkaline environment,
resulting in very conservative values of expansion.
4.2.3.3. Chloride Permeability
ASTM C1202 [26] was followed to determine the resistance of the mortar
specimens to the penetration of chloride ions. For each mixture, cylindrical specimens (100
mm diameter x 200 mm height) were cast and cured in lime-water. Two 50 mm thick disks,
cut from the mid-length of the cylindrical specimens, were placed in a desiccator for 3
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hours prior to testing. The specimens were then mounted between two plexiglass cells. One
cell was filled with 0.3 mol NaOH solution, while the opposite cell was filled with 3%
NaCl solution. A potential difference of 60 V DC was applied for 6 hours, and a data
acquisition system was used to record the charge passed in coulombs (C) at 30-minute
intervals. Tests were conducted at the ages of 28 days and 90 days.
4.2.3.4. Sorptivity
The sorptivity of glass aggregate mortar specimens was determined as per ASTM
C1585 [27]. Two cylindrical specimens with a diameter of 100 mm and thickness of 50
mm were oven dried at 110°C (± 2°C) for 24 hours. A silicon coating was applied along
the periphery of the mortar specimens to prevent the evaporation of moisture. The initial
mass of the specimens was recorded prior to its placement on top of supports in a pan filled
with water. The water level in the pan was maintained at 1 mm to 3 mm above the supports.
The mass of the specimens was measured after 1, 4, 9, 16, 25, 49, and 64 minutes of contact
with water and the absorption was calculated by dividing the change in mass by the product
of the nominal surface area exposed to water and the density of water. In plotting the
absorption against the square root of time, initial sorptivity was determined from the slope
of the line of best fit. The test was performed after 28 days and 90 days of casting.
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4.3. Results and Discussion
4.3.1 Compressive Strength
The average compressive strength of glass aggregate mortars containing SCM
binary blends is presented in Figure 1(a). At 28 days, an insignificant increase in strength
was observed when SG, SF, and MK content was increased. However, an apparent decrease
in strength of 21% was found when FA content was increased. The difference in strength
with increasing amount of SCM was more evident at 90 days for mixtures containing
Group 2 SCM binary blends (SF and MK). Between SF-5 and SF-10, the increase was
19%, whereas the increase between MK-5 and MK-10 was 15%. For SG binary blend
mixtures, the increase in strength between SG-15 and SG-30 was 5.9% at 90 days, which
is comparable with the 5.7% increase observed at 28 days. Again, at 90 days, a decrease in
strength (17%) was observed when FA content was increased. In general, the inclusion of
FA decreases the strength of cementitious materials at early ages due to its slower process
of pozzolanic reaction [28–30]. Hence, among all binary blend mixtures, FA-30 exhibited
the lowest strength of 31.3 MPa and 52.2 MPa at 28 and 90 days, respectively. Between
the SCMs in each group, it was found that SG was more effective in improving strength
compared to FA, while MK marginally outperformed SF. The compressive strength of all
Group 1 SCM binary blend mixtures, at 28 days, was significantly lower than the control,
which contains no SCM. On the other hand, binary blend mixtures containing Group 2
SCMs were within 3% lower (SF-5) or higher (SF-10, MK-5, and MK-10) than the control.
Nonetheless, SG-30, SF-10, and MK-10 all exhibited higher strength compared to the
control at 90 days.
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The compressive strength of FA-based ternary blend mixtures is shown in Figure
1(b). At 28 and 90 days, it is evident that increasing the FA content decreases the strength,
regardless of the Group 2 SCM added. This trend is similar to the results obtained for FA
binary blend mixtures. Furthermore, when FA content is kept unchanged, increasing the
replacement level of the Group 2 SCM caused a general increase in strength. At 28 days,
all ternary blend mixtures were comparable to or higher than their corresponding base
binary blend mixtures (FA-15 and FA-30), and mixture FA-15-MK-10 even exhibited a
compressive strength (52.9 MPa) higher than the control (50.6 MPa). Thus, the addition of
Group 2 SCMs as secondary cement replacement was effective in improving compressive
strength. Conversely, it was found that the strength at 90 days is generally lower than the
strength of the base binary blend mixtures. This contradicts several studies that have
observed improvements in compressive strength with ternary blends compared to a relative
binary blend [30,31]. However, a possible reason for the lower 90-day strength of the FAbased ternary blend mixtures containing SF is the formation of a layer of reaction product
in the matrix that inhibits further reaction of SF with calcium hydroxide [16,32]. Similarly,
for ternary blend mixtures containing MK, Wild et. al [33] reported that a critical change
in the reaction between MK and calcium hydroxide can inhibit further reaction of MK,
even with ample supply of MK present. Further, Gesoǧlu et al. [15] reported similar
findings in compressive strength and suggested that among the other SCMs used, FA
governed the reduction in strength of the ternary blends.
SG-based ternary blend mixtures exhibited similar trends as the FA-based ternary
blend mixtures; however, the strength of SG-based ternary blend mixtures was relatively
higher, as shown in Figure 1(c). This was expected since the pozzolanic reaction of SG is
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faster than FA [28]. At 28 days, all SG-based ternary blend mixtures were comparable to
or higher than the corresponding base binary mixtures (SG-15 and SG-30) and mixture SG30-SF-10 exhibited compressive strength (51.0 MPa) comparable to the control (50.6
MPa). Again, for the same reasons discussed earlier, the strength of SG-based ternary blend
mixtures at 90 days was generally lower than the base binary blend mixtures.
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(a)

(b)

(c)
Figure 4.1. Compressive strength of (a) binary, (b) FA-based ternary, and (c) SG-based
ternary blend mixtures
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4.3.2. Alkali Silica Reaction
Incorporating glass aggregates in cementitious materials generally induces
deleterious internal expansion due to alkali silica reaction (ASR). However, as reported in
many studies, ASR expansion can be controlled through the addition of SCMs [8,34,35].
From Figure 2(a), it is evident that the glass aggregate mortar consisting of only ordinary
cement (control) exhibited excessive ASR expansion. However, the inclusion of SCM
binary blends significantly reduced the expansion. It was found that increasing the
replacement level of SCM further reduced ASR expansion, regardless of the SCM type.
This reduction in expansion is attributed to the SCMs reacting with and consuming alkalis
in the pore solution of the cementitious material, thereby minimizing the concentration of
free alkalis [35]. The most effective SCM from Group 1 was FA. All binary blend mixtures
containing FA exhibited expansions that were less than the specified ASTM threshold of
0.1% [25]. On the other hand, for Group 2, SF was more effective in reducing ASR
expansion compared to MK. Nonetheless, the expansion of mixtures SF-10 and MK-10
were less than 0.1%. Although the results of the two groups of SCMs cannot be directly
compared due to their differing replacement levels, studies have found that the order of
SCMs, in terms of effectiveness in controlling ASR, is SF, MK, FA class F, and SG [34,36–
38]. The results obtained in this study agrees with such findings.
In analyzing the effects of FA-based ternary blend mixtures (Figure 2(b)), it is
apparent that the trends in the results correspond to the findings for the binary blend
mixtures. Specifically, the increase in FA content from 15% to 30% decreased ASR
expansion, regardless of the Group 2 SCM added. Likewise, at fixed FA replacement
levels, increasing the content of the Group 2 SCM generally reduced expansion. As
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expected, all FA-based ternary blend mixtures exhibited expansions less than the ASTM
threshold (0.1%) and all the FA-based ternary blend mixtures had expansions lower than
its corresponding base binary blend mixture (FA-15 and FA-30). The combination of FA
and SF provided the optimum performance with mixture FA-30-SF-10 exhibiting the
lowest expansion of 0.003%.
The behaviour of SG-based ternary blend mixtures was very similar to the FAbased ternary blend mixtures. As shown in Figure 2(c), the main difference between the
two sets of data was the level of expansion. Unlike the FA-based ternary blend mixtures,
not all SG-based ternary blend mixtures were found to have expansions below 0.1%.
However, all SG-based ternary blend mixtures containing SF expanded less than 0.1%.
Thus, as previously reported, SF is more effective than MK in controlling ASR expansion.
This result can be further validated by examining the silica (SiO2) content of the SF and
MK used. As shown in Table 1, the SF used is composed of 85.4% silica, whereas the MK
used is composed of 63.5% silica. Therefore, based on chemical compositions alone, SF is
expected to outperform MK in terms of expansion reduction as greater levels of silica
content in SCMs increases the consumption of available alkalis [35]. Moreover, the higher
expansion observed for SG-based ternary blend mixtures compared to FA-based ternary
blend mixtures is acceptable since the silica content of SG (36.9%) is much less than the
FA (61.3%).
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(a)

(b)

(c)
Figure 4.2. 14-day ASR expansion of (a) binary, (b) FA-based ternary, and (c) SG-based
ternary blend mixtures
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4.3.3. Chloride Permeability
Chloride ingress into cementitious materials can adversely affect durability.
Nonetheless, the inclusion of glass aggregates, which have inherently low absorption
capacity, can improve chloride permeability. From previous studies completed, the
chloride permeability of ordinary cement mortars, with the same mixture proportions as
the one used in this study (water to binder ratio and binder to fine aggregate ratio of 1:2 by
mass), is 9.88x103 C (see Chapter 3.3.4.). Replacing 30% of the fine aggregates with glass
reduced chloride permeability to 8.38x103 C. However, according to ASTM C1202 [26],
the total charge passed for cement mortars containing 30% glass aggregates is still
considered as “high”. The current study demonstrates that the chloride permeability of
glass aggregate mortars can be further reduced by incorporating SCM blends.
Figure 3(a) shows the improvement in chloride permeability for binary blend
mixtures. From this figure, it was found that increasing SG, SF, and MK content results in
a significant decrease in chloride permeability, regardless of the test age; however, changes
in permeability was not realized when FA content was increased from 15% to 30%.
Nevertheless, all binary blend mixtures exhibited chloride permeations less than the control.
This is attributed to the ability of SCMs to enhance the microstructure of the cement matrix
by reducing interconnecting voids [3,31,39]. At the test age of 90 days, it was observed
that SG-15 is still characterized as having “high” chloride permeability (above 4x103 C),
whereas FA-15, FA-30, and SG-15 exhibited “low” permeability (between 1x103 and
2x103 C). Many studies have reported that SG is more effective in reducing chloride
permeability compared to FA [15,28,40]. However, a possible reason for the lower chloride
permeability of the FA binary blend mixtures compared to the SG binary blend mixtures
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in this study is the higher alumina (Al2O3) content of FA (19.9%) compared to SG (9.1%).
Higher alumina content leads to the formation of calcium aluminum silicate hydrates (CA-S-H) and other aluminate hydrates, which increases chloride binding, thereby
minimizing free chlorides [41,42]. Thus, it is evident that for Group 1, FA is more effective
in reducing chloride permeability compared to SG. For Group 2 binary blend mixtures,
SF-5 and MK-5 exhibited “moderate” chloride permeability (between 2x103 and 4x103 C),
while SF-10 and MK-10 exhibited “low” chloride permeability (between 1x103 and 2x103
C) at 28 days. All Group 2 binary blend mixtures exhibited either “low” or “very low”
chloride permeability at 90 days. SF was more effective than MK in reducing chloride
permeability and mixture SF-10 exhibited the lowest total charge passed of 0.92x103 C.
This agrees with the findings of Jian Tong & Zongjin [13].
The chloride permeability of FA-based ternary blend mixtures is presented in
Figure 3(b). At both test ages of 28 and 90 days, it was found that increasing the FA content
to 30% resulted in chloride permeability that was comparable to or lower than ternary blend
mixtures containing 15% FA. Similarly, at fixed FA levels, increasing the Group 2 SCM
content significantly decreased chloride permeability. These findings correspond with the
results obtained for the Group 2 binary blend mixtures. Compared to the respective base
binary blend mixtures (FA-15 and FA-30), the ternary blend mixtures are generally lower
in permeability. At 90 days, it was found that mixture FA-30-SF-10 exhibited the lowest
total charge passed of 0.50x103 C.
The trends observed in chloride permeability for SG-based ternary blend mixtures
is similar to the FA-based ternary blend mixtures as increasing the SG content generally
decreased chloride permeability. At fixed SG levels, a general decrease in permeability
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was observed when the amount of the Group 2 SCM was increased. Compared to the base
binary blend mixtures (SG-15 and SG-30), all ternary blend mixtures exhibited lower
permeability, regardless of the test age. Specifically, the combination of SG and SF was
the most effective in reducing chloride permeability. In fact, among all ternary blend
mixtures, it was determined that the optimum combination at 28 and 90 days was SG-15SF-10 (0.90x103 C) and SG-30-SF-10 (0.45x103 C), respectively. This contradicts the
results obtained for the binary blend mixtures in which FA was found to be more effective
than SG; however, the results obtained agrees with the conclusions of Gesoǧlu et al. [15]
since this study reported that the ternary use of SG and SF provides better performance in
chloride permeability compared to FA and SF combinations.
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(a)

(b)

(c)
Figure 4.3. Chloride permeability of (a) binary, (b) FA-based ternary, and (c) SG-based
ternary blend mixtures
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4.3.4. Sorptivity
The sorptivity indices of SCM binary blend mixtures are presented in Figure 4(a). At
28 days, a marginal difference in the sorptivity index was observed when FA, SG, and MK
content was increased; however, a significant decrease (28%) was observed when SF
content was increased. At 90 days, a considerable reduction in the sorptivity index was
observed when SG, SF, and MK content was increased. The reduction in the sorptivity
index was 19%, 28%, and 17% respectively. Nonetheless, there was a still an insignificant
change in the sorptivity index when FA content was increased at 90 days. The sorptivity
index of all Group 1 binary blend mixtures was comparable at 28 days; however, at 90
days, FA binary blend mixtures clearly performed better than SG binary blend mixtures
with sorptivity indices of 15.3x10-3 mm/s0.5 and 15.6 x10-3 mm/s0.5 for FA-15 and FA-30,
respectively. For Group 2 binary blend mixtures, it was found that SF-10 exhibited the
lowest sorptivity index of 18.0 x10-3 mm/s0.5 and 11.7 x10-3 mm/s0.5 at 28 and 90 days,
respectively. Compared to the control mixture, all binary blend mixtures exhibited lower
sorptivity indices by the age of 90 days. This can be attributed to progress of hydration,
which enhanced the microstructure of the mortars. Furthermore, the combined pozzolanic
and filler effect of SCMs refined internal pores and densified the cementitious paste
[12,29,43,44].
For FA-based ternary blend mixtures, it was found that increasing the FA content
generally decreased the sorptivity index at both 28 and 90 days (Figure 4(b)). This trend in
sorptivity also occurred when the FA content was fixed and the Group 2 SCM content was
increased. At 28 days, all FA-based ternary blend mixtures were either comparable to or
lower than their relative base binary blend mixtures (FA-15 and FA-30). Nonetheless,
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similar to the behaviour observed for compressive strength, a comparison between the
relative base binary blend mixtures and the ternary blend mixtures at 90 days contrasts the
28-day trends. The obtained 90-day sorptivity indices are opposite of the expected result
as the sorptivity indices of the ternary blend mixtures are either comparable to or higher
than the base binary blend mixtures. The reasons provided in the compressive strength
discussion can be applied to explain the behaviour of the 90-day sorptivity data.
Nevertheless, it is just right that the 28 and 90-day results of compressive strength and
sorptivity concur since it has generally been found that these two properties are correlated
[45]. Despite the differing trends, it is evident that SF is more effective in reducing
sorptivity compared to MK, which agrees with reports found in the literature [14,46].
The sorptivity results for SG-based ternary blend mixtures is presented in Figure 4(c).
Similar to the FA-based ternary blend mixtures, increasing the SG and Group 2 SCM
content generally decreases the sorptivity index at both 28 and 90 days. Compared to its
relative base binary blend mixtures, the sorptivity index of the ternary blend mixtures are
either comparable to or much lower at 28 days. Surprisingly, at 90 days, the ternary blend
mixtures were also comparable to or lower than the base binary blend mixtures, which is
in contrast with the trends observed for the FA-based ternary blend mixtures. Again, it was
evident that SF is more effective in reducing the sorptivity index compared to MK with
SG-30-SF-10 exhibiting the lowest sorptivity index of 12.4x10-3 mm/s0.5 at 90 days.
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(a)

(b)

(c)
Figure 4.4. Sorptivity of (a) binary, (b) FA-based ternary, and (c) SG-based ternary blend
mixtures
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4.3.5. Optimization
Design Expert software was used to determine the optimum combinations of the
SCMs. Predictive models were developed for each property (response) investigated, as
shown in Table 4.3. The developed models were based on quadratic models, which
produced the best fit for the data. It is important to note that variables FA, SG, SF, and MK
indicate the linear effect of the SCMs, while FA2, SG2, SF2, and MK2 indicate the quadratic
effect and FA·SF, FA·MK, SG·SF, and SG·MK indicate the interaction effect of the SCMs
[17]. The equations presented in Table 3 includes only the statistically significant
coefficients (p < 0.05). As such, it is evident that not all SCMs have a significant effect on
the responses.
Goals were assigned to each factor (FA, SG, SF, and MK) and response as specified
in the optimization criteria outlined in Table 4.4. These goals were transformed by the
software into a scale ranging from zero to one – zero being the least desirable and one being
the most desirable – to produce desirability functions. The geometric mean of the
transformed responses (individual desirability functions) results in the overall desirability
index. The highest desirability that was obtained for the set of data in this study was 0.92.
From the desirability curves presented in Figure 4.5, this level of desirability (0.92) can be
achieved with the combinations of 9% FA + 10% SF or 9% FA + 10% MK. Likewise, from
Figure 4.6, the highest desirability of 0.92 can be obtained with the combinations of 0%
SG + 10% SF or 0% SG + 10% MK. Hence, maximizing the Group 2 SCMs results in the
optimal performance, which coincides with the experimental results.
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Table 4.3. Statistical models of glass aggregate mortar properties
Derived models

R2

p-value

Alkali Silica Reaction (%) =
exp [– 4.68449 – 1.3055·FA – 0.45012·SG – 0.81265·SF – 0.5124·MK]

0.95

< 0.0001

Compressive Strength - 28d (MPa) =
39.7998 – 8.78849·FA

0.89

0.0005

Compressive Strength - 90d (MPa) =
45.7691 – 6.97022·FA + 6.40824·SF2 + 6.1992·MK2

0.85

0.0028

0.87

0.0012

0.96

< 0.0001

Sorptivity - 28d (x10-3 mm/s0.5) =
22.5227 – 3.08592·SG – 7.34567·SF – 3.81183·MK

0.87

0.0012

Sorptivity - 90d (x10-3 mm/s0.5) =
[0.034872 – 0.00873273·FA·SF + 0.0145626·SF2]-1

0.78

0.0190

Chloride Permeability - 28d (C) =
– 671.897 – 1081.3·SF – 863.824·MK + 940.545·FA·SF + 884.966·SG·SF +
953.448·SG·MK
Chloride Permeability - 90d (C) =
[– 0.0416346 – 0.00664831·FA + 0.00799441·SG + 0.0103648·SF +
0.00568142·MK + 0.00268592·SG·MK– 0.00443272·FA2]-2
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Table 4.4. Optimization Criteria
Factors/Responses

Goal

Lower Limit

Upper Limit

FA (%)

In Range

0

30

SG (%)

In Range

0

30

SF (%)

In Range

0

10

MK (%)

In Range

0

10

Alkali Silica Reaction (%)

Minimize

0.0026

0.3582

Compressive Strength - 28d (MPa)

Maximize

31.3

53.0

Compressive Strength - 90d (MPa)

Maximize

42.1

65.3

Chloride Permeability - 28d (C)

Minimize

900

8383

Chloride Permeability - 90d (C)

Minimize

447

6771

Sorptivity - 28d (x10-3 mm/s0.5)

Minimize

15.0

33.0

Sorptivity - 90d (x10-3 mm/s0.5)

Minimize

11.7

25.2
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(a)

(b)
Figure 4.5. Desirability of mixtures containing FA and (a) SF (b) MK
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(a)

(b)
Figure 4.6. Desirability of mixtures containing SG and (a) SF (b) MK
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4.4. Conclusions
The experimental work undertaken in this study examined the effects of various SCM
blends in glass aggregate mortars. Strength and durability in terms of ASR expansion,
chloride permeability, and sorptivity were investigated and the optimal SCM combinations
were determined. The significant findings of this study are summarized as follows. It
should be noted that the conclusions drawn here may be limited to the scope of the work.
1. FA reduces compressive strength, whereas all other SCMs (SG, SF, and MK) improve
strength. Between the Group 1 SCMs, binary blend mixtures containing SG exhibited
higher compressive strengths compared to binary blend mixtures containing FA.
Consequently, SG-based ternary blend mixtures exhibited greater strength compared
to FA-based ternary blend mixtures. For Group 2 SCMs, SF and MK were found to be
comparable in strength.
2. SCMs are very effective in mitigating the expansions of glass aggregate mortars.
Among the Group 1 SCMs, FA was the most effective in reducing ASR expansion. All
binary and ternary blend mixtures containing FA exhibited expansions well below the
ASTM threshold of 0.1%. For Group 2 SCMs, SF was found to be more effective than
MK. The underlying explanation for the effectiveness of FA and SF compared to SG
and MK, respectively, is the higher SiO2 content of FA and SF.
3. Chloride permeability and sorptivity are significantly reduced when SCMs are used as
partial cement replacement. SCMs enhance the microstructure of the cement paste
through pozzolanic and filler effect. The ternary combination of SG and SF resulted in
the lowest chloride permeability and sorptivity index.
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4. The optimal glass aggregate mortar performance can be obtained by maximizing Group
2 SCMs. Mixtures containing 9% FA + 10% SF, 9% FA + 10% MK, 0% SG + 10%
SF, and 0% SG + 10% MK provide the highest desirability of 0.92.
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CHAPTER 5
CONCLUSIONS AND RECOMMENDATIONS
The mechanical, durability, and thermal properties of glass aggregate mortars
containing various types of glass and supplementary cementitious materials (SCM) were
examined in this thesis. This chapter summarizes the main findings of the experimental
work undertaken and presents recommendations for future work.

5.1. Mechanical Properties
Incorporating glass aggregates in cement mortar generally reduced compressive
strength. The temperature of curing also affected the strength as elevated temperatures led
to the formation of delayed ettringite. Nonetheless, glass aggregates of finer particle size
possess inherent pozzolanic properties, which was shown to improve strength. Binary
blends of slag, silica fume, and metakaolin are also effective in improving mortar strength,
thereby offsetting the loss of strength associated with the addition of glass aggregates.
However, the use of fly ash resulted in a further reduction in strength due to its slow
reaction rate. Extending the tests to later ages should be considered in future works to better
perceive the effects of the SCMs, specifically fly ash. Furthermore, the mixture design
should be modified to exhibit more realistic mortar strength, and other mechanical
properties, such as flexural and split-tensile strength, should be studied.

5.2. Durability Properties
Durability was assessed quantitatively and qualitatively by means of alkali silica
reaction (ASR), chloride ion permeability, immersion absorption, sorptivity, and plastic
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and drying shrinkage tests. As expected, glass aggregate mortars are susceptible to
deleterious ASR expansions; however, the level of expansion is dependent on the size of
the glass aggregates. The use of SCMs, specifically fly ash and silica fume, significantly
reduced mortar bar expansions to acceptable levels (below 0.1%). Glass aggregate mortars
also exhibited improved immersion absorption, sorptivity, and chloride ion permeability.
Furthermore, it was found that glass aggregates are effective in reducing plastic and drying
shrinkage of mortar.
For future works, it is recommended that long-term ASR tests be considered to validate
the results obtained using the accelerated mortar bar method. More SEM and EDS analyses
should also be conducted to further evaluate the microstructure and interfacial transition
zones in the cement mortars. In addition, the capillary pressure and the rate of bleeding of
the mortar overlay specimens should be measured to better understand the underlying
mechanisms that cause plastic shrinkage.

5.3. Thermal Properties
Glass aggregate mortars were found to be very effective in reducing thermal
conductivity. Therefore, it has great potential in improving thermal insulation properties if
used as a building material. This advantageous property of glass aggregate mortars is a
result of the inherently low thermal conductivity of glass. Further testing on glass aggregate
mortars, specifically at a larger scale, should be done.
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